University of Tennessee, Knoxville

TRACE: Tennessee Research and Creative
Exchange
Doctoral Dissertations

Graduate School

5-2020

Endometrial tissue cryopreservation and organoid culture from
domestic and endangered equids
Riley Elise Thompson
University of Tennessee

Follow this and additional works at: https://trace.tennessee.edu/utk_graddiss

Recommended Citation
Thompson, Riley Elise, "Endometrial tissue cryopreservation and organoid culture from domestic and
endangered equids. " PhD diss., University of Tennessee, 2020.
https://trace.tennessee.edu/utk_graddiss/5930

This Dissertation is brought to you for free and open access by the Graduate School at TRACE: Tennessee
Research and Creative Exchange. It has been accepted for inclusion in Doctoral Dissertations by an authorized
administrator of TRACE: Tennessee Research and Creative Exchange. For more information, please contact
trace@utk.edu.

To the Graduate Council:
I am submitting herewith a dissertation written by Riley Elise Thompson entitled "Endometrial
tissue cryopreservation and organoid culture from domestic and endangered equids." I have
examined the final electronic copy of this dissertation for form and content and recommend
that it be accepted in partial fulfillment of the requirements for the degree of Doctor of
Philosophy, with a major in Comparative and Experimental Medicine.
Brian K. Whitlock, Major Professor
We have read this dissertation and recommend its acceptance:
Budhan S. Pukazhenthi, Stephen A. Kania, Tulio M. Prado, Madhu Dhar
Accepted for the Council:
Dixie L. Thompson
Vice Provost and Dean of the Graduate School
(Original signatures are on file with official student records.)

Endometrial tissue cryopreservation and organoid culture from
domestic and endangered equids

A Dissertation Presented for the
Doctor of Philosophy
Degree
The University of Tennessee, Knoxville

Riley Elise Thompson
May 2020

Copyright ã 2020 by Riley Elise Thompson
All rights reserved.

ii

ACKNOWLEDGEMENTS
First, I thank my advisors and committee: Drs. Budhan Pukazhenthi, Brian Whitlock,
Tulio Prado, Stephen Kania, and Madhu Dhar. You have all expertly guided me and
helped me coordinate this crazy plan to perform my research at SCBI. I also thank Ms.
Kim Rutherford for answering my infinite questions, helping me obtain signatures to
complete paperwork, and all of the other endless tasks you were able to facilitate while I
was located remotely- you are incredible. To all of my SCBI co-workers and lab mates,
your assistance with troubleshooting and commiserating when assays went awry was
invaluable. To all those at UT who helped spark my interest in research, particularly Dr.
Melissa Kennedy, thank you. Thank you to all of the animal care staff and veterinarians
at SCBI and our collaborators, none of this would be possible without you. To those who
provided generous financial support, Mr. Mike Baudhuin, Ms. Gay Barclay, AAEP
Foundation, the UT Comparative & Experimental Medicine program and Large Animal
Clinical Sciences, and the Smithsonian Conservation Biology Institute. Lastly, to my
incredible family, thank you for your support through the many years I have been in
higher education. And Mom, thank you for never calling me “smart,” just “hard working.”

iii

ABSTRACT
Three studies were performed to evaluate the cryo-sensitivity and culture conditions
required to establish equine endometrial organoid cultures in vitro. The endometrium,
the inner lining of the uterus, responds to hormonal stimuli throughout the estrous cycle
and is in direct contact with semen during breeding and with the conceptus during
pregnancy. Experiment 1 evaluated three concentrations (0%, 10%, and 20% v/v) of
dimethyl sulfoxide (DMSO) as a cryoprotectant during cryopreservation (slow freezing)
of domestic mare endometrial explants. Both 10% and 20% DMSO were suitable
concentrations of cryoprotectant for maintaining cellular viability, structural integrity, and
gene expression of the tissues. Then, a 5-day explant culture utilizing a fluid-gas
interface was performed on fresh and frozen-thawed endometrial explants comparing
low and high glucose in culture media. This was the first report of extending equine
endometrial explant cultures successfully beyond 48 hours, though a central core of
necrosis which is common in explant cultures, occurred. There were no differences in
viability, structural integrity, or gene expression between low and high glucose in the
culture media. For Experiment 2, the same study design as Experiment 1 was utilized
for endometrial explants from Persian onagers, an endangered wild ass native to Asia.
Only the 10% and 20% DMSO concentrations were evaluated as 0% was unsuccessful
in domestic mares. Again, both 10% and 20% DMSO were equally suitable as
cryoprotectants for endometrial explants, and glucose concentration did not affect the
endometrial explants during 5-day explant culture. Comparison of fresh and frozenthawed tissue derived endometrial organoids, a type of three-dimensional cell culture,
were then assessed in Experiment 3 for endometrial tissue from both domestic and
Przewalski’s horses, an endangered equid native to Asia. This was the first report of
endometrial organoids derived from a domestic or wildlife species, as they have only
been previously reported in mice and women. These endometrial organoids were
maintained long-term (24 days) and responded with gene expression changes in
response to exogenous hormone stimulation, the first in vitro cell cultures in mares able
to accomplish these goals.
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CHAPTER I
A REVIEW OF EQUINE ENDOMETRIUM IN VIVO AND IN VITRO
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Abstract
The inner layer of the uterus, the endometrium, is responsible and necessary for many
reproductive events. Normal reproductive cyclicity, maternal recognition of pregnancy,
successful maternal interaction with the embryo, and interaction of the reproductive tract
with pathogens are dependent on the endometrium. Although most studies have been
conducted in vivo using live animals, recent advances in in vitro approaches could
facilitate future research in a laboratory setting with minimal effect on humans and
animals. Many reproductive studies have been performed in vivo and in vitro in equids,
but new in vitro methods to study the equine endometrium remain unexplored. This
review describes the normal anatomy and physiology of the equine endometrium in
vivo, endometrial pathology, in vitro equine endometrial cell culture techniques that
have been previously described, and opportunities for future reproductive research
using in vitro models.

Introduction
The endometrium is a critical component of reproductive signaling that is often
poorly studied. In many species, the ovaries are the most researched component of the
female reproductive tract. In mares, seemingly only a fraction of research focuses on
the endometrium. The endometrium interacts directly with the embryo in early
pregnancy and later with the placenta and contains glands that secrete histotroph, or
“uterine milk,” which nourishes the conceptus. Any pathology associated with the
endometrium can interfere with establishment of pregnancy and/or maintenance of a
pregnancy through gestation.
Due to seasonal anestrus in the mare, developing approaches to study the
endometrium in vitro could allow the assessment of multiple treatments to be performed
simultaneously rather than having to follow individual mares through multiple estrous
cycles. In addition, mares can either be evaluated individually by keeping a mare’s cells
separate or reducing individual variation by pooling cells from multiple mares.
Furthermore, if cryopreservation is utilized, a repository of endometrial tissue could
allow these in vitro reproductive evaluations to occur year-round. Lastly, fewer in vivo
studies will need to be performed if the culture conditions are optimized for in vitro
evaluations, which will reduce time, save money, and improve research mare welfare.
In this review, we discuss normal endometrial anatomy and physiology during the
estrous cycle and pregnancy. We also examine pathological conditions associated with
the endometrium that may impair pregnancy. Lastly, we evaluate the utility of current in
2

vitro culture methods for equine endometrium and suggest future directions that can be
explored to improve in vitro assessment of equine endometrium.

In vivo
Normal anatomy
The uterus is composed of three layers (from lumen out): endometrium,
myometrium, and perimetrium (Figure 1.1; all tables and figures from this chapter in
Appendix A). The endometrium is the equivalent of the mucosa and submucosa. The
myometrium is equivalent to the muscularis and is composed of an inner circular and an
outer longitudinal smooth muscle layer with a vascular layer between the two. The
perimetrium is the serosal layer of the uterus that contacts the peritoneum. On a crosssectional view, the endometrium is composed of the luminal epithelial cells and the
lamina propria, which consists of the stratum compactum and the stratum spongiosum.
The stratum compactum is located more luminally than the stratum spongiosum and
consists of a dense population of stellate stromal cells. The stratum spongiosum has a
lower density of cells with a higher proportion of interstitial fluid. The lamina propria
consists of branching glandular structures – the endometrial glands. During diestrus, the
endometrial glands are more tortuous and densely distributed [35]. However, during
estrus, due to the increasing uterine edema, the glands appear to be more sparsely
distributed [35]. The luminal epithelial layer of the endometrium is composed of
columnar cells with some ciliation, and the tubular, branched glands within the
endometrium are lined with ciliated columnar cells. During estrus, polygonal, microvillus
cells are present with secretory cells surrounding the glandular openings. During
diestrus, the number of secretory cells decrease, and the number of ciliated cells
increase [59] compared to estrus.
Physiological changes during the estrous cycle
In addition to the ultrastructural changes associated with the endometrium
through the estrous cycle, progesterone and estrogen receptor expression in the
endometrium also is affected by the stage of the cycle. The progesterone and estrogen
receptors, located in the stromal cells and luminal and glandular epithelial cells,
increase during estrus and decrease during diestrus [32]. During the estrous cycle, the
posterior pituitary [80] and the luminal and superficial glandular epithelial cells of the
endometrium secrete oxytocin [6] around Day 14. This is in contrast to other domestic
species where the corpus luteum is the primary source of oxytocin rather than the
endometrium. This led to the conclusion that oxytocin works in an autocrine or paracrine
manner in the mare [71]. Positive immunohistochemical staining of oxytocin receptors in
luminal and glandular epithelia of the endometrium supports the supposition that
oxytocin is produced by the same cells where oxytocin receptors are present [3]. If a
mare is not pregnant, oxytocin attaches to the upregulated oxytocin receptors [64,69],
which then causes the pulsed release of prostaglandin F2a (PGF2a) [60] from both the
epithelial and stromal cells of the endometrium [74]. Strong evidence exists for a PGF2a
auto-amplification system in the mare, in which PGF2a amplifies its own production [39].
3

Then PGF2a is secreted systemically [29] causing luteolysis [60] (Figure 1.2). The signal
from the embryo that prevents luteolysis is not yet fully elucidated, but it is understood
that the signal reduces oxytocin responsiveness [64,69]. Furthermore, maternal
recognition of pregnancy may involve downregulation of prostaglandin-endoperoxide
synthase 2 (PTGS2), an enzyme involved in the prostaglandin synthesis cascade, and
downregulation of oxytocin receptors [11,21,60]. Recently, mass spectrometry indicated
that prostaglandin reductase 1 (PTGR1), glutathione transferase 1 (GSTP1), and
annexin A1 (ANXA1), all proteins involved in prostaglandin synthesis, were elevated in
pregnant mare uterine fluid when compared with non-pregnant mares [66]. While the
exact signal from the embryo to the endometrium that prevents luteolysis is unknown,
the endometrial and uterine fluid alterations described above contribute to the eventual
understanding of maternal recognition of pregnancy in mares.
Physiological changes during early pregnancy
The endometrium also plays an important role in pregnancy because it is the
layer of the uterus in direct contact first with the embryo and later with the placenta. A
mare’s oviduct allows only an embryo, not an unfertilized oocyte, to enter the uterus
[8,10,70,81], which occurs five to six days after ovulation [9]. The conceptus develops a
glycoprotein capsule on Day 6.5 which persists until Day 22 [7] and provides protection
for the embryo as it migrates throughout the uterus for up to Day 17 of gestation [28].
This movement of the conceptus is required for successful maternal recognition of
pregnancy [46]. The glands of the endometrium secrete histotroph, or “uterine milk”,
which contains proteins that adhere to the glycoprotein capsule of the embryo [2,17]
and sustains embryo development until Day 40 of gestation when it can receive nutrition
via direct contact with the uterus. Once the capsule disintegrates [19] and the embryo
remains fixed at the base of a uterine horn [27], the placenta begins to develop. The
placenta then communicates with the endometrium directly.

Pathology
Noninflammatory
Endometrosis
Endometrosis is a degenerative condition with the hallmark feature of fibrosis
surrounding the endometrial glands. It is often associated with increasing age, and it
leads to reduced fertility and early embryonic loss [33,35]. The classical method of
diagnosing endometrosis in the mare is by biopsy and grading the endometrial tissues
according to the Kenney-Doig scheme [36]. The scores are I, IIa, IIb, and III, with grade
I endometrium the most likely to carry a full-term pregnancy and grade III the least likely
(Table 1.1, Figure 1.3).
It has been hypothesized that the reduced fertility associated with endometrosis
could be due to surface changes of the endometrium or histotroph secretion reduction
or alteration resulting from the affected endometrial glands [5,34]. Alteration in
interleukin production and interleukin receptor expression occurs in the endometrium of
mares affected by endometrosis, suggesting that this condition significantly alters the
4

microenvironment of the endometrium [73]. There is no treatment for endometrosis in
the mare, however, some promising potential treatments for this condition have been
described recently. Platelet-rich plasma (PRP) infused four hours after insemination
reduced polymorphonuclear neutrophils and intrauterine fluid retention after breeding,
two conditions associated with degeneration of the endometrium [55]. However, there is
no information on pregnancy outcomes in mares treated with PRP near the time of
breeding. Alternatively, intrauterine infusion of mesenchymal stem cells (MSCs) has
shown some promise for treating equine endometrosis. Fluorescently labeled MSCs
were infused into the uterus of four mares with either a IIb or III biopsy score according
to the Kenney-Doig scheme, and biopsies were collected from the mares four times
over 60 days [44]. The MSCs were shown to integrate into all but one mare’s
endometrium, leading the authors to conclude that there were “positive histological
changes” in those mares [44]. Further studies are warranted to assess mares over
longer time periods, to determine if the Kenney-Doig score improves, and to evaluate if
an improvement in fertility rates occurs in response to the MSC treatment. It is important
to note that the reduced fertility associated with endometrosis can be circumvented by
intracytoplasmic sperm injection (ICSI) and/or embryo transfer, using a surrogate mare
with a healthy endometrium. However, certain breed associations, such as The Jockey
Club, do not allow assisted reproductive techniques. Such situations warrant additional
investigations to identify alternate approaches to treat endometrosis in mares.
Endometrial cysts
Endometrial cysts are fluid-filled [37] and fall into two categories: glandular or
lymphatic [68]. Endometrosis often gives rise to glandular cysts, which are located in the
lamina propria, and involve fibrotic tissue strangulation of the gland [37]. This type of
cyst does not appear to cause infertility. Lymphatic cysts are caused by accumulation of
lymphatic fluid and tend to project into the uterine lumen. The presence of lymphatic
cysts reduce pregnancy rates in mares [75]. The reduced pregnancy rates are believed
to be associated with the cyst’s interference with embryonic vesicle movement and,
thus, affects maternal recognition of pregnancy signaling [68]. Alternatively, if the
embryonic vesicle attaches adjacent to the cyst, early pregnancy loss due to
compromised nutrient exchange between the vesicle and the endometrium will occur
[68].
Lymphatic cysts are typically diagnosed via transrectal ultrasound examination of
the uterus and are often misdiagnosed as a pregnancy. Serial ultrasounds of a cyst will
differentiate it from a pregnancy because an embryonic vesicle will continue to grow in
size while the cyst will remain unchanged. Treatment of lymphatic cysts is accomplished
via manual rupture, puncturing with biopsy forceps, endometrial curettage, snare
removal, serial uterine lavage with a hypertonic solution, and/or Nd:YAG laser ablation
[18]. Pregnancies can be achieved after removal of a lymphatic cyst provided no large
scar results from cyst ablation.
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Endometrial hypoplasia
Endometrial hypoplasia is characterized by hypoplastic, or underdeveloped,
endometrial glands [56]. This condition is normal prior to puberty [34]. However, in postpubertal animals, this condition can cause infertility. Endometrial hypoplasia also can be
associated with chromosomal mosaicism [56]. Uterine gland knockout, the induced
ablation of endometrial gland development, has been induced in sheep by neonatal
administration of progestin, which alters normal estrous cycles since endometrial PGF2a
secretions are affected [67]. This model has been used to evaluate how the absence of
endometrial glands affect pregnancy [31]. Development of a uterine gland knockout
model in mares was attempted by administering progestogens over the six-month
neonatal period with intermittent estradiol injections, but the endometrial glands were
not affected [87]. Instead, estrogen stimulated precocious development of the
endometrial glands by six months of age [87].
Glandular hyperplasia
Glandular hyperplasia is associated with diffuse hyperplasia of the endometrial
glands [56] and is diagnosed by histological assessment of endometrial biopsies. It is
often associated with delayed involution following pregnancy [56], and, in these cases, it
is treatable by correcting the delayed involution with oxytocin, uterine lavage, exercise,
and/or antibiotics. It can also be associated with ovarian granulosa cell tumors, but this
is also treatable by tumor excision [34].
Endometrial maldifferentiation
Endometrial maldifferentiation causes the endometrial morphology to be
asynchronous, leading to subfertility [4]. The etiology of endometrial maldifferentiation is
not fully elucidated [62], but is not dependent on season, mare’s age, or parity and may
be caused by endocrine regulation disturbances or receptor deficiencies [4,62].
Diagnosis of this condition is often accomplished during endometrial biopsy evaluation
[61].
Inflammatory
Endometritis
Endometritis is inflammation of the endometrium. Prolonged inflammation of the
endometrium leads to reduced pregnancy rates [1,57,82]. Endometritis can be
categorized into three major types: endometritis caused by a sexually transmitted
disease, persistent breeding-induced endometritis, and chronic infectious endometritis
[84].
Endometritis caused by sexually transmitted diseases include Taylorella
equigenitalis, Pseudomonas aeruginosa serotypes, and Klebsiella pneumoniae capsule
types 1, 2, and 5 [84]. Taylorella equigenitalis, the pathogen responsible for contagious
equine metritis, is highly contagious and can cause infertility and, occasionally, abortion.
Typically, mares will have mucopurulent vaginal discharge for a few weeks, but
sometimes the mares have no clinical signs. The pathogen is carried by the
asymptomatic stallions on the external genitalia and transmitted to mares during natural
6

breeding or by artificial insemination with contaminated semen. The pathogen will
persist in mares in the clitoral sinuses and fossa [65]. P. aeruginosa secretes a biofilm,
a sticky matrix, which resists immune response and antibiotic treatment [42]. This
biofilm can be on the endometrial surface or reside in the endometrial glands [24].
Similar to T. equigenitalis, both P. aeruginosa and K. pneumoniae are transmitted to
mares by direct contact with a stallion’s external genitalia, where the pathogens reside,
or by insemination with contaminated semen [47,49,51].
Following breeding, either by natural cover or by artificial insemination, the uterus
must evacuate the seminal plasma and the majority of the sperm. This is accomplished
both by oxytocin-induced contractions to expel the semen through the cervix and by the
innate immune response. Oxytocin is a peptide hormone that is secreted by the
posterior pituitary gland and endometrium [6,80]. It functions by occupying oxytocin
receptors in the uterus to cause an elevation of intracellular calcium in the myometrium
to induce contraction of the uterus [15]. The innate immune response involves
polymorphonuclear neutrophil (PMN) influx into the uterine lumen and phagocytosis of
the extraneous sperm [78]. This transient innate inflammatory response is a normal
physiologic process in the mare that is necessary to prepare the uterus for a pregnancy
[78]. However, if the intrauterine fluid, sperm, and other contaminant clearance is
delayed and/or inflammation remains after 72 hours following breeding [77], this
indicates persistent breeding-induced endometritis (PBIE), which negatively impacts
pregnancy [1,57]. Since the embryo enters the uterus by day 5 or 6 after ovulation [9],
contaminants within the uterus must be evacuated and inflammation minimized within
96 hours after breeding to maximize pregnancy establishment [77].
Early research in PBIE assessed endometrial genes associated with
inflammation 12 or 24 hours after breeding [26,50]. More recent research has found that
inflammatory cytokine gene expression six hours post-breeding is different between
groups of mares either susceptible or resistant to PBIE [89]. Specifically, the antiinflammatory cytokines interleukin 6 (IL-6), interleukin 1 receptor antagonist (IL-1RN),
and the inflammatory-modulating cytokine interleukin 10 (IL-10) were elevated in mares
resistant to PBIE six hours post-breeding when compared with susceptible mares [89].
Thus, the early inflammatory response appears to be critical for whether a mare will
develop PBIE. Currently, susceptibility to PBIE for research purposes is assessed via
analysis of inflammatory cytokine gene expression six hours after insemination, and this
convention has been used to assess PBIE treatment with immune modulators [90], the
effect of specific seminal plasma proteins in mares susceptible to PBIE [23], and the
use of lactoferrin as a treatment for mares susceptible to PBIE [22].
Chronic infectious endometritis (CIE) often occurs in mares who were diagnosed
with PBIE earlier in the breeding season [84], though the condition may occur in mares
without a history of PBIE. Streptococcus zooepidemicus, Escherichia coli, and yeasts
are the most common causes of CIE [20]. Amongst mares managed in the United
States, P. auruginosa and K. pneumoniae appear to be most common causative
bacteria [20]. E. coli is most commonly diagnosed as the cause of CIE in mares with
poor perineal and/or vulvar conformation, which leads to fecal contamination and
pneumovagina [41]. S. zooepidemicus is a normal constituent of the skin microflora that
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can contaminate the uterus after breeding [84], and it is responsible for 65% of
infectious endometritis cases [14].
Neoplasia
Uterine tumors are uncommon in horses [45], with leiomyomas being the most
common at 26% [58]. Leiomyomas are benign, smooth muscle tumors, thus they are
derived from the myometrium rather than the endometrium, but they often can become
pedunculated and protrude into the uterine lumen [48] which can negatively affect
pregnancy outcomes. The malignant forms of this tumor, leiomyosarcoma and
rhabdomyosarcoma, have also been reported in horses [43,76]. The presence of uterine
tumors is often discovered during reproductive examinations, such as transrectal
palpation, transrectal uterine ultrasonography, or uterine endoscopy [45]. A biopsy may
be collected and identified by histopathology. If the tumor is small and benign, it does
not have to be removed, but as with endometrial cysts, these may interfere with the
ability of the conceptus to traverse the uterus during the critical period of maternal
recognition of pregnancy. If the tumor is large, hemorrhaging, or malignant, surgical
excision may be indicated [45].

In vitro
Many in vitro endometrial studies in the mare have utilized short-term explant
culture where the tissue is immersed in culture media [38,54] or single-cell, monolayertype cultures [53,72]. The first equine endometrial cell cultures involved immersing
endometrial explants in media short-term (less than 24 hours) [83,86]. Recently, equine
endometrial explants (2-5 mm) immersed in culture media were compared using six
treatment groups of various types and proportions of serum in the culture media [63].
The tissues and media were sampled at 12, 24, and 48 hours. Tissue viability was
assessed by measuring lactate dehydrogenase (LDH) in the culture medium. LDH
resides in the cytoplasm of cells and is only released during cell damage. Histology and
gene expression were evaluated in two of the six treatment groups- the group with the
lowest LDH fold change (1% charcoal stripped FBS) and the group with the highest
(10% FBS). Tissues degenerated significantly over the 48 hour treatment period. There
also was an increase in prostaglandin-endoperoxide synthase 2 (PTGS2), an
inflammatory marker often used to assess endometrial response to insemination or
inflammatory mediators [63], which may interfere with use of this model for inflammatory
pathology evaluation.
In 1992, the first method for isolating and culturing (in a monolayer) epithelial and
stromal cells from mare endometrium was described [85]. Two decades later, a
monoculture of equine epithelial and stromal cells was described, where these cell
types were isolated and cultured separately in monolayer primary cell cultures before
and after cryopreservation [74]. The fresh tissues were cultured for one passage (until
the cells reached 90-95% confluence). The cells were either immediately cultured again
or cryopreserved with 7% dimethyl sulfoxide. The non-cryopreserved and cryopreserved
cells were cultured through four passages. To assess cell function, cells at each
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passage were stimulated with 10-7 M oxytocin. Following oxytocin treatment, the cells
were assessed for prostaglandin E2 (PGE2) and prostaglandin F2a (PGF2a) release in
the culture media. Primary culture and cryopreserved stromal cells were found to
maintain morphology and respond to oxytocin with release of PGE2 and PGF2a through
four passages. Epithelial cells maintained normal morphology and PGE2 and PGF2a
release in response to oxytocin for only one passage and did not maintain morphology
or function following cryopreservation [74]. The method of cell isolation,
cryopreservation, and culture was successful for equine endometrial stromal cells, but it
was sub-optimal for cryopreservation or long-term culture of equine endometrial
epithelial cells. Furthermore, this study represents the only report of mare endometrial
cell cryopreservation.
In 2014, the monocultures described above were used to evaluate ovarian
steroid effect on prostaglandin production [72]. All treatments were performed over 24
hours with a control (vehicle), 10-7 M progesterone (P4), 10-9 M 17b-estradiol (E2), 10-7 M
P4 +10-9 M E2, or 10-7 M oxytocin, and gene expression of PTGS2, prostaglandin E2
synthase (PGES), and prostaglandin F2a synthase (PGFS) and western blot for the
associated proteins were used to evaluate the treatments. All genes were increased by
E2 and P4+E2 in epithelial cell culture. In the P4+E2 for stromal cell culture, PGES
expression increased. In the E2 and P4+E2 treatment groups in epithelial cell culture,
PTGS2 expression increased. The authors concluded that ovarian steroids increase
prostaglandin production in equine endometrial cells [72].
A co-culture system with equine endometrial epithelial and stromal cells utilizing
multi-well plates with semipermeable membrane inserts also has been described [40].
Epithelial and stromal cells were collected both postmortem and by biopsy from the
equine endometrium. The cells were cultured on either side of a semipermeable
membrane as a novel culture design that allows epithelial and stromal cells to
communicate indirectly across the membranous barrier. Both types of cells exhibited
various morphologies, including spindle, polygonal, and cuboidal shapes, displaying
both a monolayer and stratified layers. Various concentrations of 17b-estradiol and
progesterone were added to the culture media to assess morphology and function of the
cells. Utilizing immunohistochemistry, cells were evaluated for purity of the cell type and
expression of steroid hormone receptors. While the cells were capable of proliferation,
they were unable to respond either morphologically or functionally to exogenous steroid
hormones, as determined by the lack of estrogen receptor-a and progesterone receptor
changes assessed by immunohistochemistry and histological evaluation of the cells that
revealed inconsistent cell morphology.
The in vitro cell cultures described above can be used for various evaluations,
including assessment of normal reproductive mechanisms, pathologies, and evaluation
of various therapeutics [13]. One example is using these cell cultures for drug testing. In
one case, short-term (24 hour) equine endometrial explant cultures demonstrated that
oxytocin treatment stimulates PGF2a secretion and that Atosiban, an oxytocin receptor
antagonist, and indomethacin, a cyclooxygenase inhibitor, inhibit PGF2a secretion [52].

9

Future Directions
In vitro endometrial cell culture in the mare has not progressed much over the
past few decades. New methods of three-dimensional endometrial epithelial cell culture
have been described in mice and humans [12,25,79]. The reports describe seeding
dissociated epithelial cells into Matrigel, a synthetic three-dimensional matrix, to allow
the cells to organize in three-dimensional structures, which are more analogous to the in
vivo environment. Another group describes growth of both epithelial and stromal cell
organoids derived from human endometrium without the use of Matrigel, replaced
instead with agarose-coated Microtissuesâ 3D Petri Dishesâ, to evaluate how
endometrial cells respond to androgens associated with polycystic ovarian syndrome
[88]. Microfluidic devices have also been used to grow human epithelial and stromal
endometrial cells on a scaffold [91] and through a porous dual chamber [30] for 28 days.
The microfluidic methods promote the continuous movement of culture media, which is
akin to how the uterine fluid moves across the surface of the endometrium, as well as
the constant blood flow delivering fresh nutrients to the endometrium, which are
necessary for normal function.
One of the microfluidic methods utilized human endometrial stromal and vascular
endothelial cells, which were isolated and cultured on either side of a porous membrane
in a polydimethylsiloxane microfluidic device [30]. When the culture media for the
endothelial cells was perfused with a fluid pump, the cells polarized and formed tight
cell-cell junctions. The stromal cell media was only delivered statically, modelling the in
vivo environment. The cells were cultured over a 28 day period and supplemented with
hormones (estradiol alone for the proliferative stage and estradiol and
medroxyprogesterone acetate for the secretory stage) to simulate the menstrual cycle.
The stromal cell morphology changed from a spindle to cuboidal shape and secreted
prolactin during the simulated secretory stage, which are both indicative of
decidualization. Thus, this organ-on-a-chip appears to be a physiologically functional
model of the human perivascular endometrium.
Another approach [91] involves multiple, interconnected, “organ-on-a-chip”
microfluidic devices, where media flows between chips for the ovary, oviduct, uterus,
cervix, and liver to describe how these different organs interact with each other during
the normal menstrual cycle. As described above, many advances have been made in
endometrial cell culture systems, particularly in human and rodent models. These
advances could have major implication for the mare, including establishing long-term,
physiologically-representative in vitro models of the equine endometrium. These in vitro
models could be used to study various causes of infertility in mares, to better
understand the molecular mechanisms involved in PBIE, to provide an in vitro platform
for drug discovery [16], and to elucidate further mechanisms involved in maternal
recognition of pregnancy in the mare.
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Conclusion
In conclusion, there are some unique aspects to the function of the equine
endometrium, which would be ideal to evaluate further in vitro. Improvement of in vitro
culture models of the endometrium have occurred in both mice and humans, and these
designs can be applied to equine endometrium. Improved equine endometrial in vitro
culture methods will allow for enhanced experiments for infertility, maternal recognition
of pregnancy, and potential treatments for pathological conditions.
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Appendix A

Table 1.1 Depiction of Kenny-Doig Grading Scheme [36]
Grade

Histological Appearance

I

Normal or mild, focal inflammation or
fibrosis
Moderate inflammation and/or multifocal
fibrosis with 1-3 layers of fibroblasts
surrounding glands or less than 2 fibrotic
nests per 5mm linear field
Moderate inflammation and/or multifocaldiffuse fibrosis with 4 or more layers of
fibroblasts surrounding glands or 2-4
fibrotic nests per 5mm linear field
Severe inflammation and/or diffuse
fibrosis with 5 or more fibrotic nests per
5mm linear field

IIa

IIb

III

Likelihood of
maintaining full-term
pregnancy
80%
50-80%

10-50%

<10%
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Figure 1.1 Histological uterine cross-section from a mare.
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Figure 1.2 Depiction of the endometrium during estrus and at the time of luteolysis
during diestrus.
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Figure 1.3 Histological images of endometrial pathology associated with endometrosis
in mares including no lesions (a), lymphoplasmacytic inflammation (b, c), periglandular
fibrosis (d), and fibrotic nest with inflammation and glandular dilation (e). Arrow indicates
region of primary pathology.
24

CHAPTER II
DIMETHYL SULFOXIDE MAINTAINS STRUCTURE AND FUNCTION OF
CRYOPRESERVED EQUINE ENDOMETRIAL EXPLANTS
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RET and BSP designed the study. BSP obtained funding. AKJ and TMP
participated in sample collections. RET conducted all laboratory experiments. RET,
MEB, and BSP conducted data analysis. BKW provided guidance in development of
methodology and experimental design. CP assisted with histological assessment of
samples.

Abstract
Availability of viable frozen-thawed endometrial tissues could facilitate detailed studies
into physiologic and disease processes influencing the endometrium. This study was
designed to investigate the cryosurvival of equine endometrial tissue. Previous studies
in the human and horse have focused on cryopreservation of dissociated endometrial
cells. To our knowledge, there are no studies on cryopreservation of endometrial
explants. Our objectives were to 1) determine the influence of differing concentrations of
the permeating cryoprotectant dimethyl sulfoxide (DMSO) on viability, structural
integrity, and gene expression of cryopreserved equine endometrial tissues prior to and
following a 5-day explant culture in vitro and 2) examine the influence of low (1000 mg/L
dextrose) vs high (4500 mg/L dextrose) glucose medium during in vitro culture. Both
10% and 20% (v/v) concentrations of DMSO maintained viability following
cryopreservation and in vitro culture. In addition, gene expression remained unaltered
following cryopreservation with either 10% or 20% DMSO. However, tissue structural
integrity was slightly reduced compared to the fresh control. Furthermore, there was no
difference in structural integrity, cell viability, or gene expression between low and high
glucose medium during in vitro culture. Although E-cadherin and Ki67 gene expression
was not different among fresh, 10% DMSO, and 20% DMSO treatments prior to or
following tissue culture, estrogen receptor-a and progesterone receptor gene
expression were reduced in all groups after explant culture. This is the first report of
successful cryopreservation of equine endometrial explants.

Introduction
Cryoprotectants included in cryopreservation diluents facilitate removal of water
from within cells and minimize intracellular ice formation, which is a major source of
cellular damage during freezing and thawing [26]. There are two classes of
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cryoprotectants: permeating and non-permeating [23]. Permeating cryoprotectants,
such as dimethyl sulfoxide (DMSO) and glycerol, penetrate cell membranes and replace
the intracellular water to minimize ice formation and associated structural damage
during cryopreservation [9]. Non-permeating cryoprotectants, such as
polyvinylpyrrolidone and sucrose, remain in the extracellular environment and remove
intracellular water via osmosis to decrease cell damage [9]. Previous reports have
demonstrated that there are both cell-type specific and species-specific differences in
sensitivity to cryopreservation-induced damage [36]. Cells also react differently to
various concentrations of cryoprotectants [31]. For example, high concentrations of
cryoprotectants can be toxic to cells while low concentrations may be insufficient to
remove intracellular water and lead to significant damage during cryopreservation [31].
Cryopreservation of gametes (spermatozoa [9], oocytes [19]), embryos [19], and
gonadal tissues [4,14] from various species using both permeating and non-permeating
cryoprotectants have been reported previously. However, limited studies have been
conducted on cryopreservation of endometrial tissue [5,35]. Szóstek, et al. [35]
described cryopreservation (slow cooling method) of dissociated equine endometrial
epithelial and stromal cells using 7% DMSO and subsequent in vitro culture in a
monolayer. Cryopreserved stromal cells maintained normal morphology and responded
to oxytocin with release of prostaglandin E2 (PGE2) and prostaglandin F2a (PGF2a)
through four passages. In contrast, epithelial cells maintained morphology and released
PGE2 and PGF2a in response to oxytocin for only one passage and failed to maintain
morphology or function following cryopreservation. It is important to note that the
authors used only a single cryopreservation protocol and, thus, potentially was not
optimized for maximum cell viability, structural integrity, or function. Comparison of
various concentrations of a cryoprotectant can permit a detailed understanding of the
beneficial and detrimental effects of the cryoprotectant on cells and/or tissues,
information vital for maintaining viability, structure, and function. Furthermore, to our
knowledge, there has been no research focused on cryopreservation of endometrial
tissue explants in the horse.
Therefore, investigating the cryobiological properties of endometrial tissue is an
important first step for reliably cryopreserving the tissues. Determining the effects of
cryoprotectants (concentration) on tissue viability, histology, and function will allow
optimization of preservation protocols for the purpose of maintaining endometrial
biopsies in a cryopreserved state for later in vitro use. Results also may permit the
establishment of a frozen repository of equine endometrial tissues and enable studies
focused on cellular mechanisms involved in normal endometrial tissue function,
pathophysiology, and to help discover new therapies. In addition, determining whether
glucose concentration affects explant culture will facilitate maintenance of explants in
vitro for longer periods. We hypothesize that 1) 10% (v/v) DMSO better preserves the
structure and function of equine endometrial tissue during cryopreservation than either
0% or 20% DMSO and 2) culturing explants in high glucose medium improves tissue
structure and function in vitro. Our objectives were to compare the effects of different
concentrations of the cryoprotectant DMSO on the structural integrity, cell viability, and
gene expression of equine endometrial explants before and after a 5-day explant culture
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and also evaluate the effects of low versus high glucose medium during the short-term
culture.

Materials and Methods
Animals
Endometrial biopsies were collected from domestic mares (n = 12). Mares were
pre-screened with endometrial biopsies to have a Kenny-Doig score [17] of I or IIa to
reduce variability among individuals. Estrous cycles were monitored via transrectal
ultrasonography to ensure biopsies were collected when a preovulatory follicle (≥35
mm) was present with uterine edema in the absence of a corpus luteum to minimize
cellular variation of the endometrium associated with changes in sex steroids [20]. All
research procedures were approved by the appropriate Institutional Animal Care and
Use Committees.
Experimental design
Two experiments were performed: 1) comparison of DMSO concentrations (0,
10, 20%) for endometrial explant cryopreservation and 2) evaluation of glucose
concentration (1000 mg/L dextrose vs 4500 mg/L dextrose) during 5-day explant
culture. Samples were processed for analyses as described below. A depiction of the
experimental design is in Figure 2.1 (all tables and figures from this chapter in Appendix
B).
Endometrial biopsy collection
Estrual domestic mares were confined to stocks and sedated with either Xylazine
(Rompun, Bayer HealthCare, 1.1 mg/kg) or Detomidine (Dormosedan, Zoetis, 0.02
mg/kg). Two endometrial biopsies were collected routinely using aseptic techniques with
60 cm long alligator forceps [17] and shipped in sterile 0.9% NaCl overnight on ice. All
samples arrived at the laboratory for processing within 24 h of sample collection.
Tissue processing
Unless stated otherwise, all chemicals were purchased from Sigma-Aldrich
Chemicals, St. Louis, MO, USA.
Biopsies were dissected on ice into 1-2 mm3 pieces in Handling Medium (HM;
MEM with Earle’s Salts containing 25 mM HEPES, 100 U/ml Penicillin, 0.1 mg/ml
Streptomycin, 0.1 mM Pyruvate, 2 mM Glutamax, 5% Bovine Serum Albumin). Two
pieces of tissue were immediately fixed in 1 ml 4% paraformaldehyde (ThermoScientific;
Middletown, VA, USA) for histological assessment. Two pieces were flash frozen in
liquid nitrogen for gene expression analyses, and two additional pieces were processed
for cell viability (see below). Six to eight pieces were cultured as explants. Fifteen to
twenty additional pieces of tissue per treatment group were processed for
cryopreservation (see below).
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Tissue cryopreservation and thawing
For assessing cryopreservation conditions, tissue pieces were cryopreserved in
three concentrations of DMSO (0, 10, and 20% v/v) in MEM with Earle’s Salts
containing 25 mM HEPES, 100 U/ml Penicillin, 0.1 mg/ml Streptomycin, 0.1 mM
Pyruvate, 2 mM Glutamax, and 20% (v/v) fetal bovine serum (FBS). Eight to ten pieces
of tissue were placed in each 1.8 ml cryovial containing 0.5 ml of the corresponding
freezing media, and three cryovials per treatment group were frozen. In brief, the
cryovials were placed in a Cool Cell Freezing Container (Biocision; San Rafael, CA,
USA) within 15 minutes after adding the freezing media and stored overnight in a
freezer (-80°C). The Cool Cells control the temperature decrease to ~1°C per minute.
The next day, the cryovials were plunged into liquid nitrogen and stored in liquid
nitrogen until analysis.
For thawing, cryovials were removed from liquid nitrogen and thawed as
previously described [28]. Briefly, vials were held in room temperature air (22°C) for one
min and then immersed in a 25°C water bath for one min. Then 1 ml of thawing medium
(TM; MEM with Earle’s Salts containing 25 mM HEPES, 100 U/ml Penicillin, 0.1 mg/ml
Streptomycin, 0.1 mM Pyruvate, 2 mM Glutamax, and 20% FBS) was added to the vial
at room temperature (22°C) and mixed for one min. The contents of the vial were then
poured into a sterile petri dish containing 5 ml TM and incubated for 5 min with constant
mixing. The tissues were washed twice more for 5 min each in fresh TM and assigned
to various treatment groups as described above.
Explant culture
For preparation of agarose gel blocks, low melting agarose solution (1.5%
agarose; Amresco; Solon, OH, USA) was prepared in sterile deionized water and
poured into plastic tissue culture plates. Once solidified, the agarose gel was cut into
0.5 cm3 blocks with a sterile scalpel blade. The agarose blocks were pre-incubated in
soaking medium (SM; DMEM high glucose with 4500 mg/L dextrose, DHGM, or DMEM
low glucose with 1000 mg/L dextrose, DLGM, containing 100 U/ml Penicillin, 0.1 mg/ml
Streptomycin, 2 mM Glutamax, 0.1 mM Pyruvate) overnight, and on the following day,
individual agarose blocks were placed in a 24-well culture dish. Then 0.3 ml of DHGM
or DLGM was added to each well to partially immerse the agarose gel block. Both
media were supplemented with 100 U/ml Penicillin, 0.1 mg/ml Streptomycin, 2 mM
Glutamax, 0.1 mM Pyruvate, 2% Knockout Serum Replacement, 4.2 µg/ml Insulin, 3.8
µg/ml Transferrin, and 0.005 µg/ml Selenium. Six to eight explants per treatment group
were placed on 1.5% agarose gel pedestals (three to four 1-2 mm3 pieces of tissue per
each pedestal) in both DHGM and DLGM and incubated at 37°C (5% CO2) for five days.
On Day 3 of culture, half of the culture medium was removed and replaced with the
corresponding fresh medium. On Day 5, tissues were harvested for histology, cell
viability, and gene expression (see below).
Tissue viability
To assess endometrial cell viability, two tissue pieces were placed in 1 ml
collagenase solution (CS; MEM with Earle’s Salts, 25 mM HEPES, 100 U/ml Penicillin,
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0.1 mg/ml Streptomycin, 0.1 mM Pyruvate, 2 mM Glutamax, 0.2% collagenase) for 1 h
at 37°C with intermittent pipetting to dissociate the cells. Then the cell suspension was
centrifuged at 300x g for 5 min to pellet the dissociated cells. The supernatant was
discarded, and 0.5 ml of fresh TM was added to the pellet to resuspend the cells. This
step was repeated twice, and the cell pellet resuspended in 0.1 ml of fresh TM. To 20 µl
of the cell suspension, 0.11 mM SYBR-14 and 0.43 mM propidium iodide (LIVE/DEAD
Sperm Viability Kit; Molecular Probes; Eugene, OR, USA) were added and incubated
(37°C) in the dark for 15 min. Two µl of the stained cell suspension were then placed on
a glass slide, and a glass coverslip was placed over it. The slide was assessed using a
fluorescence microscope (200X magnification; Olympus BX40, Center Valley, PA,
USA), and 200 cells were counted per sample [10]. Cells staining green were classified
as membrane intact (viable), and those that stained red/orange were classified as cells
with non-intact membranes (non-viable) by a single researcher (R.E.T.).
Histology
Tissues were fixed in 1 ml of 4% paraformaldehyde for 24 h at 4°C, and then the
paraformaldehyde was removed and replaced with 1 ml of 70% ethanol and stored at
4˚C until processing. The tissues were embedded, sectioned, and stained with
hematoxylin and eosin stain. The stained histological samples were evaluated for
endometrial glands, stromal cells, and overall tissue integrity for a total score of up to 6
points (Table 2.1). The slides were evaluated by the same researcher as above (R.E.T.)
who was blinded to the treatment groups.
Gene expression analysis
Qiagen RNeasy Mini Kit (Germantown, MD, USA) was used to extract RNA from
endometrial tissue derived from all treatments and analyzed for quantity and quality
using a Nanodrop spectrophotometer (Thermo Scientific; Middletown, VA, USA).
Oligo(dT) primers and Superscript III reverse-transcriptase were used to synthesize
cDNA (SuperScript III First-Strand Synthesis System; Invitrogen; Carlsbad, CA, USA).
Quantitative real time polymerase chain reaction (qPCR; Light Cycler 96, Roche;
Indianapolis, IN, USA) was then utilized to assess gene expression with FastStart
Essential DNA Green Master kit (Roche). Briefly, qPCR conditions included 95°C for 10
min, followed by 45 cycles of 95°C for 10 s, 55°C for 10 s, and 72°C for 10 s.
Specifically, we assessed Ki67 for cell proliferation, ERα (estrogen receptor-α), PR
(progesterone receptor), and E-cadherin for cell adhesion (primer details are provided in
Table 2.2). All primers were designed using Primer-BLAST (National Center for
Biotechnology Information), except PR [27]. The housekeeping gene glyceraldehyde-3phosphate dehydrogenase (GAPDH) [15] was used to normalize gene expression using
the 2-DDCT method [22].
Statistical analysis
Statistical analyses for experiment 1 and experiment 2 were performed
separately. Normality was confirmed through frequency distribution and by QQ-plots.
Mixed model ANOVAs with individuals serving as random effect were performed in the
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statistical program R [29] using the lme4 package [2] with Tukey’s post-hoc analyses.
For experiment 1, we used viability, structural integrity, and gene expression as
individual response variables comparing fresh and cryopreserved tissues (0%, 10%,
and 20% DMSO) post-thawing. For experiment 2, fresh tissue and frozen-thawed
explants (10% and 20% DMSO) cultured in low or high glucose media were compared
using cell viability, structural integrity, and gene expression as individual response
variables. Values presented are mean±SEM. A P-value of <0.05 was used to determine
statistical significance.

Results
Experiment 1: Cryoprotectant concentration
Viability: There was an effect of cryoprotectant concentrations on viability (P < 0.001;
Figure 2.2, panel A). Tissues cryopreserved in the absence of DMSO expressed the
lowest viability (20.8 ± 3.9%), which was reduced compared to the fresh control, 10%
DMSO, and 20% DMSO (P < 0.001). There was no difference (P > 0.05) among fresh
tissue or 10% and 20% DMSO treatment groups.
Structural integrity: There was an effect of cryoprotectant concentrations on histology
score (P < 0.001; Figure 2.2, panel B). After thawing, 0% DMSO had a lower score
(3.58 ± 0.15) than all other treatments (P < 0.001). The fresh control had a higher
histology score (5.56 ± 0.18) than explants cryopreserved in 10% DMSO (4.67 ± 0.25; P
= 0.002) or 20% DMSO (4.75 ± 0.30; P = 0.007). There was no difference in histology
scores for explants cryopreserved in 10% or 20% DMSO (P = 0.988). Examples of
histology of tissues derived from fresh and cryopreserved treatment groups are
provided in Figure 2.2, panel C.
Gene expression: There was no effect of cryoprotectant concentrations on ERa (P =
0.895), PR (P = 0.832), E-cadherin (P = 0.196), or Ki67 (P = 0.0587). Data not shown.
Experiment 2: Glucose concentration in culture
Viability: There was an effect of glucose concentration in culture on tissue viability (P <
0.001; Figure 2.3, panel A). The fresh tissue control was greater than fresh tissue after
low-glucose culture (P = 0.0082) and high-glucose culture (P = 0.0024). There was no
difference (P > 0.05) between 10% and 20% DMSO following in vitro culture when
compared to the fresh tissue control.
Structural integrity: Histology score was different among fresh and in vitro cultured
tissues (P < 0.001; Figure 2.3, panel B). The fresh control had a higher histology score
than all other treatment groups (P < 0.01), but there was no difference among any other
treatment groups (P > 0.05). Examples of histology of tissues derived from fresh and
cryopreserved treatment groups cultured in the presence of low and high glucose are
provided in Figure 2.3, panel C. A central core of degeneration was consistently
observed in all tissues cultured for five days.
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Gene expression: There was an effect of glucose concentration in culture on ERa (P <
0.001) and PR (P < 0.001), but not on E-cadherin (P = 1.00) or Ki67 (P = 0.637) (Figure
2.4, panels A-D). ERa was higher in the fresh control than any other cultured tissues (P
< 0.001), but there was no difference following culture among fresh tissue, 10% DMSO,
and 20% DMSO. PR was higher in the fresh control than any other treatment group (P <
0.001), and fresh tissue cultured with DLGM had greater PR gene expression when
compared to 10% DMSO cultured in DHGM (P = 0.0493).

Discussion
Cryopreservation is a complex process that involves freezing cells and cellular
organelles without causing extensive structural or functional damage [8,13]. Typically,
during cryopreservation, cells or tissue biopsies are placed in a hypertonic solution
containing permeating or non-permeating cryoprotectants to remove intracellular water,
cooled to sub-freezing temperatures, and stored frozen in liquid nitrogen [8,13].
Successful cryopreservation warrants a detailed understanding of the cryobiological
properties of the cell or tissue being cryopreserved and has been successfully
performed on spermatozoa [9], oocytes [19], embryos [19], testicular tissue [28], and
many other tissues [14]. For cryopreservation to be considered successful, tissues and
cells should retain viability, structure, and function after thawing. In the present study,
we report the first successful cryopreservation of endometrial explants from the
domestic horse mare. Specifically, viability and structural integrity of explants was best
maintained in both 10% and 20% DMSO before and after five days of in vitro culture in
media containing either low (1000 mg/L dextrose) or high (4500 mg/L dextrose)
glucose. Results demonstrate that endometrial explants can be systematically collected
and stored for future research, but additional studies are warranted to improve tissue
survival during in vitro culture.
Effectiveness of cryopreservation is routinely evaluated by assessing cell/tissue
structural integrity and viability prior to cryopreservation (fresh control) and immediately
after thawing. It is not uncommon that cells/tissue that are viable immediately after
thawing fail to survive when cultured in vitro, as exhibited in goat ovarian tissue
cryopreserved with ethylene glycol [30]. In the present study, we assessed tissue
survival in vitro using an explant culture system. Earlier, Schwinghamer, et al. [33]
cultured 2 to 5 mm equine endometrial tissue pieces immersed in culture media which
resulted in significant degeneration over the 48 h culture period. Nash, et al. [25]
reported culturing equine endometrial explants for up to 4 days, and showed that the
explants secreted PGF2a in response to oxytocin or lipopolysaccharide treatment.
However, the authors did not assess the explants for tissue integrity following explant
culture except by gross assessment rather than a detailed histological analysis [25]. In
the present study, we utilized an explant culture system involving agarose blocks that
permitted culturing of tissues in a gas-liquid interphase [24]. This culture system
appeared to slow tissue degeneration but failed to prevent the formation of a central
core of necrosis following in vitro culture. We believe that the degeneration is due to in
vitro culture rather than failure of the cryoprotectant to fully permeate the explants
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because there were no degenerative changes observed histologically in tissues
immediately after thawing. Additionally, fresh tissue explants (not exposed to the
cryoprotectant) also exhibited a central core of degeneration following culture. It is
plausible that the tissue perfusion during culture was compromised leading to hypoxia
and tissue damage [6,32]. Therefore, additional research is warranted to develop
strategies to improve tissue perfusion in endometrial explant culture. Furthermore, lower
concentrations of DMSO or additional cryoprotectants may need to be investigated.
Although a wide variety of cryoprotectants are available, DMSO is routinely used
as a cryoprotectant for human [18] and mouse [7] testicular tissue as well as goat
ovarian tissue [30]. In the present study, viability was maintained in tissues
cryopreserved in either 10% or 20% DMSO prior to and following in vitro culture in both
DHGM and DLGM. These results suggest that endometrial tissue explants can be
successfully cryopreserved in the presence of DMSO and cultured in vitro in either type
of media. However, we consistently observed low initial viability in fresh tissues
(~55.29%) which may have resulted from loss of intact cells during overnight shipping
since the tissues could not be processed immediately after collection due to the
geographical location of the various institutions. It is plausible that conventional culture
media like Tissue Culture Medium 199 or Minimum Essential Medium could have better
preserved tissue viability during overnight transport and warrant further studies.
Histological assessment in the present study revealed all treatments had a
reduced histological score when compared to the fresh control. However, there were no
differences between the cryopreserved or cultured treatment groups, except lower score
in the 0% DMSO treatment group. Thus, DMSO appeared to preserve structural
integrity during cryopreservation of endometrial explants. In the present study, the
endometrial luminal epithelium could not be adequately assessed and, thus, was not
included in the scoring rubric. We observed that several tissues explants lacked luminal
epithelial cells, which might have resulted from artifacts due to tissue sectioning.
However, the majority of the explants had a partial or complete epithelial cell layer
surrounding the explant circumferentially following in vitro culture, which appears
consistent with luminal epithelium.
Previous studies have shown that high glucose in cell culture exerts a negative
impact on cell function and increases apoptosis [21], but the equine endometrial
explants evaluated in this report did not exhibit this phenomenon, as no differences in
cellular viability, structural integrity, or gene expression occurred when low and high
glucose culture conditions were compared. Likewise, Weil, et al. [38], reported that high
glucose did not affect human mesenchymal stem cell culture and concluded that this
could have been due to the short culture period, similar to this report. Furthermore,
comparison of DHGM and DLGM in the present study revealed no differences between
the two media in cell viability, structural integrity, or gene expression of ERa, PR, Ecadherin, or Ki67.
Assessment of gene expression can serve as a proxy to predicting tissue
function in vitro [39]. The equine endometrium also responds to hormonal changes
associated with reproductive cycles [20], and hormone effects are mediated via their
respective receptors. In the present study, we analyzed gene expression of ERα and
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PR using qPCR to determine if cryopreservation influenced sex steroid hormone
receptor expression [11,12]. Interestingly, ERα and PR gene expression was unaffected
immediately after thawing compared with fresh tissues but exhibited a sharp decline in
both fresh and cryopreserved tissues following in vitro culture. In mares, steroid
hormone receptors, such as ERα and PR, are elevated when circulating estradiol is high
and reduced when circulating estradiol is low [12]. Thus, the reduction in ERα and PR
gene expression in culture may be due to lack of estradiol in the culture media. The
addition of exogenous steroid hormones to the culture media may improve the gene
expression for all of the treatment groups after culture and warrants further
investigations.
Expression of E-cadherin, a marker of cell adhesion [16,37], was not different
from the fresh control for either fresh, 10%, or 20% DMSO treatment groups prior to or
following in vitro culture. Reduction in E-cadherin gene expression is indicative of tissue
damage arising from in vitro culture and cryopreservation. This phenomenon associated
with loss of cell to cell adhesion was reported by Stadler, et al. [34] in canine uterine
glands and stromal cells cultured in vitro on Matrigel for 4 days.
Ki67, a marker for cell proliferation [1], also remained unaffected among 10% or
20% DMSO treatment groups prior to or following culture when compared to fresh
control tissues. Reduction in Ki67 gene expression would suggest that cell proliferation
decreased. Interestingly, Ki67 is highly expressed, though not exclusively, in
proliferating cells [3]. Thus, our results indicate that the cells continued to proliferate
following in vitro culture.
In conclusion, this study represents the first systematic effort to cryopreserve
equine endometrial explants. We determined that endometrial explants from estrual
mares can be successfully cryopreserved in either 10% or 20% DMSO while
maintaining tissue structural integrity, cell viability, and gene expression. In vitro culture
of endometrial explants on agarose pedestals in a gas-liquid interphase appeared to
support tissue viability for at least 5 days. Media with either low or high glucose were
comparable for cell viability, structural integrity, and gene expression. Further studies
are warranted to improve tissue survival and function in vitro. Finally, the strategies
described in this report could facilitate the routine systematic collection and preservation
of endometrial tissues from mares, which is vital to facilitate reproductive studies
throughout the year since mares experience seasonal anestrus for half of the year.
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Appendix B

Table 2.1 Histology Scoring Rubric
Score
1
2
3

Endometrial Stroma
Non-intact
Partially intact with features of
necrosis
Normal

Endometrial Glands
Absent glands and/or epithelial lining
Partial glandular epithelial lining ±
features of necrosis
Complete glandular lining

Table 2.2 Primer pairs used to amplify target genes
Gene

Forward Primer

Reverse Primer

Progesterone
Receptor
Estrogen
Receptor-a
Ki67
E-cadherin
GAPDH

GTCAGTGGACAGATGCTGTA

CGCCTTGATGAGCTCTCTAA

Size
(bp)
255

CGAGGCTTCCATGATGGGTT

AGGATCTCTAGCCAGGCACA

147

TCCTTGTGCAAGAGTGGCTT
GAGTTTTGAAGGATGCACTG
GTTTGTGATGGGCGTGAACC

CCCCGCTCCTTTTGATGGTA
TCATCTCCGGATTATGAAGC
TTGGCAGCACCAGTAGAAGC

136
125
255
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Figure 2.1 Flow chart diagram depicting all treatments and assays performed.
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Figure 2.2 Effects of cryopreservation on equine endometrial explants. A) Viability, B)
Structural integrity assessed by histology score, and C) Representative images (a-d) of
tissues stained with hematoxylin and eosin; a) fresh tissue prior to culture, b) tissue
cryopreserved with 0% DMSO prior to culture, c) tissue cryopreserved with 10% DMSO
prior to culture, and d) tissue cryopreserved with 20% DMSO prior to culture. Images a’d’ represent higher magnification (40X) of a section of the tissues presented in panels ad. Values presented in panels A and B represent mean ± SEM. Different superscripts
(a, b, c) indicate significant differences among treatment groups. Scale bar in panels
a-d = 500 µm and a’-d’ = 75 µm.
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Figure 2.3 Influence of glucose concentration on in vitro culture of fresh and
cryopreserved equine endometrial explants. A) Viability, B) structural integrity assessed
by histology score, and C) representative images (a-c) of tissues stained with
hematoxylin and eosin; a) fresh tissue after culture, b) tissue cryopreserved with 10%
DMSO after culture, and c) tissue cryopreserved with 20% DMSO after culture. Images
a’- c’ represent higher magnification (40X) of a section of the tissues presented in
panels a-c. Values presented in panels A and B represent mean ± SEM. Different
superscripts (a, b) indicate significant differences among all treatment groups. Scale bar
in panels a-c = 500 µm and a’-c’ = 75 µm.
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Figure 2.4 Influence of glucose concentration on gene expression in fresh and
cryopreserved equine endometrial explants following in vitro culture. A) Estrogen
receptor-a, B) Progesterone receptor, C) E-cadherin, and D) Ki67. The housekeeping
gene GAPDH was used to normalize gene expression using the 2-DDCT method [22].
Values presented in panels A-D represent fold change in gene expression compared
with fresh (not cultured) tissue expressed as mean ± SEM. Different superscripts (a, b,
c) indicate significant differences among all treatment groups.
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CHAPTER III
PERSIAN ONAGER (EQUUS HEMIONUS ONAGER) ENDOMETRIAL
EXPLANT CRYOPRESERVATION AND IN VITRO CULTURE
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Abstract
Assisted reproduction of endangered equids, such as Persian onagers (Equus
hemionus onager), is vital for conservation. While previous research developed artificial
reproduction tools, the fundamental mechanisms of Persian onager endometrium are
yet to be investigated. The endometrium, the inner uterine lining, is in direct contact with
sperm during copulation and the conceptus during pregnancy. It is unknown whether
there are differences in the endometrium between domestic mares (E. ferus caballus)
and other non-domestic equids. Recently, successful cryopreservation of domestic
mare endometrium was reported, but there is no information on cryo-sensitivity or in
vitro culture of endometrial tissue from any non-domestic equid. In this study, we
describe the cryopreservation of endometrial explants from Persian onagers followed by
a 5-day explant culture in vitro. There was no difference between 10% and 20%
dimethyl sulfoxide (DMSO)-treated explants following cryopreservation. Cell viability and
structural integrity were comparable to fresh tissue. Estrogen receptor-a and
progesterone receptor gene expression was decreased in most treatments compared to
fresh tissue control. E-cadherin (a marker for cell adhesion) gene expression was
variable in significance across treatment groups with some treatments showing a
decrease compared to control. Ki67 (a marker for cell proliferation) was not different
among treatments compared to control. Results demonstrate that dimethyl sulfoxide is a
suitable cryoprotectant for Persian onager endometrium, and in vitro culture for up to
five days in a liquid-gas interface can maintain Persian onager endometrial explant
structure and function. Findings may permit a greater understanding of reproductive
mechanisms in vitro in this endangered species.

Introduction
Persian onagers (Equus hemionus onager) are considered endangered by the
IUCN Red List of Threatened Species with only 395 mature individuals reported in the
wild [5]. Although onagers once thrived across the Middle East and Asia from Saudi
Arabia to Mongolia [3], the extant wild population is localized to three subpopulations in
Iran [5]. The global ex situ managed population is comprised of 126 animals (89 in
Europe, 33 in the United States, and four in Australia) distributed among 17 institutions
[Nicolas Brüning, personal communication]. Furthermore, the ex situ population is not
self-sustaining due to low number of founders, lack of interest among zoological
institutions to exhibit this species, and challenges associated with transporting live
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animals across state-lines or internationally [24]. Therefore, assisted reproductive
technologies such as semen cryopreservation and artificial insemination may facilitate
improved reproductive management of this species. Recent studies have characterized
the fundamental reproductive biology of this wild ass, reported on the production of live
offspring following artificial insemination with fresh-chilled and frozen-thawed sperm,
and described hormonal stimulation protocols for synchronizing estrus [15,22]. Despite
these successes, there is no information on the biology and molecular mechanisms
regulating uterine function in this species. Improved understanding of these pathways
could lead to development of embryo transfer technologies, facilitate advances in
management of uterine diseases, and improve overall reproductive output.
During pregnancy, the endometrium, the inner lining of the uterus, is in direct
contact with the conceptus and facilitates its normal development. However, most data
regarding the endometrium in equids is restricted to the domestic horse (E. ferus
caballus). In the domestic horse, this dynamic layer of the uterus responds to hormonal
stimulation throughout the estrus cycle. Ciliated epithelial cells increase and secretory
cells decrease during diestrus and vice versa during estrus [12]. In addition but in
contrast to many other species, the equine endometrium secretes prostaglandin F2a in
response to endometrial oxytocin release during luteolysis [1,13,17,19,20]. However, to
date, no comprehensive assessment of non-domestic equid endometrium has been
reported, and it is unknown whether mechanisms controlling endometrial function are
conserved between domestic and non-domestic equids.
Although most research on domestic mares has utilized live animals,
development of in vitro technologies including explant culture systems could be more
effective in non-domestic species. Endometrial biopsies can be routinely collected from
equids, including in the Persian onager, and could be used to develop explant cultures
in vitro. We recently reported the systematic cryopreservation and in vitro explant
culture of domestic mare endometrium [23]. Explants could be cryopreserved in 10% or
20% dimethyl sulfoxide (DMSO) using a slow cooling method. In addition, explants
could be cultured short-term (5 days) in vitro using a gas-liquid interface culture system.
However, there is no information on cryo-sensitivity or in vitro culture of endometrial
explants from any non-domestic equid. If endometrial explants can be successfully
cryopreserved and utilized for in vitro culture systems, a cryo-repository of endometrial
tissues from non-domestic equids could be established, and samples could be utilized
in studies focused on understanding endometrial function in both normal and diseased
states. We also determined that glucose concentration did not affect in vitro endometrial
explant culture in domestic horses [23], but whether glucose concentration can alter
success of explant cultures in Persian onagers is unknown. Therefore, our objectives
were to 1) assess viability, tissue structure, and gene expression of Persian onager
endometrial explants following cryopreservation and thawing in the presence of DMSO
(10% and 20% v/v) and 2) evaluate the influence of high or low glucose concentration in
culture media during 5-day explant culture. We hypothesize that 1) lower concentration
of DMSO (10%) will better preserve the structure and function of equine endometrium
compared with higher concentration of DMSO (20%) and 2) culturing explants in high
glucose medium improves tissue structure and function in vitro.
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Materials and Methods
Animals
Endometrial biopsies were collected from healthy Persian onager mares (n=3)
aged 3, 6, and 15 years housed at the Smithsonian Conservation Biology Institute
(SCBI). All research procedures were reviewed and approved by the Smithsonian
Conservation Biology Institute Animal Care and Use Committee (ACUC #18-11). All
animals had either a I or IIa Kenney-Doig score endometrium [6] to control for potential
endometrial degenerative changes. The 15 yo female was multiparous (3+ previous
pregnancies) and the two younger females conceived for the first time one month
following biopsy collection and maintained full-term gestation resulting in healthy foals.
Estrous cycles were synchronized by administering a long-acting progesterone (1,500
mg IM; BioRelease P4 LA; Bet Pharm; Lexington, KY, USA) and long-acting estradiol
(75 mg IM; BioRelease Estradiol 17b; Bet Pharm) on Day 0 and administration of
cloprostenol (250 mcg IM; Estrumate; Merck Animal Health) on Day 11 [22]. Stage of
estrous cycle was evaluated by transrectal ultrasound starting on Day 18 after the
hormone injections above. When ultrasound revealed uterine edema, no corpus luteum,
and a preovulatory follicle ³21 mm diameter, the onagers were briefly restrained in a
padded hydraulic restraint device (Fauna Research Inc., Red Hook, NY, USA) and
sedated. Weights were obtained either the day of or the day before sedation and ranged
from 202 to 220 kg. Sedation was accomplished with 0.10-0.125 mg/kg butorphanol
(butorphanol tartrate, 50 mg/ml, ZooPharm, Laramie WY, USA) and 0.05-0.06 mg/kg
detomidine (Dormosedan, 10 mg/ml, Zoetis Inc, Kalamazoo MI, USA) combined in one
syringe and administered by deep intramuscular injection into the rear hip muscles,
which provided an appropriate plane of sedation. During the procedure, mares were
monitored for body temperature, heart rate, and respiratory rate to ensure safety of the
animal. Two endometrial biopsies were collected using standard protocol [6]. Briefly, the
perineal region was scrubbed with betadine solution before introduction of sterile
alligator forceps into the uterus. A small portion of uterine tissue was guided into the
jaws of the forceps via transrectal manipulation and excised. At completion of the
procedure, sedation reversal was accomplished with 0.25-0.30 mg/kg naltrexone
(naltrexone hydrochloride, 50 mg/ml, ZooPharm) and 0.20-0.25 mg/kg yohimbine
(yohimbine hydrochloride, 10 mg/ml, ZooPharm) administered in separate syringes by
deep intramuscular injection into the rear hip muscles.
Tissue processing
Unless stated otherwise, all chemicals were purchased from Sigma-Aldrich
Chemicals, St. Louis, MO, USA.
Biopsies were placed in ice-cold Handling Medium (HM; MEM with Earle’s Salts
containing 25 mM HEPES, 100 U/ml Penicillin, 0.1 mg/ml Streptomycin, 0.1 mM
Pyruvate, 2 mM Glutamax, 5% Bovine Serum Albumin) and divided into 1-2 mm3
pieces. Two pieces of tissue were immediately fixed in 1 ml 4% paraformaldehyde
(ThermoScientific; Middletown, VA, USA) for histological assessment. Two pieces were
flash frozen in liquid nitrogen for gene expression analyses, and two additional pieces
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were assessed for viability (see below). Six to eight pieces were cultured as explants in
each culture media treatment (low vs high glucose), and 27 to 30 pieces were
cryopreserved (see below) using DMSO (10% vs 20%).
Explant culture
Explant cultures were performed as previously described for the domestic mare
[23]. Briefly, for preparation of agarose gel blocks, low melting agarose solution (1.5%
agarose; Amresco; Solon, OH, USA) was prepared with sterile deionized water and
poured into tissue culture plates. Once solidified, the agarose gel was cut into 0.5 cm3
blocks. The agarose blocks were pre-incubated in soaking medium (SM; DMEM High
Glucose Medium or DMEM Low Glucose Medium containing 100 U/ml Penicillin, 0.1
mg/ml Streptomycin, 2 mM Glutamax, 0.1 mM Pyruvate) overnight, and the following
day, individual agarose blocks were placed in a 24-well culture dish. Then 0.3 ml of
DMEM high glucose culture medium (DHGM; DMEM high glucose containing 100 U/ml
Penicillin, 0.1 mg/ml Streptomycin, 2 mM Glutamax, 0.1 mM Pyruvate, 2% Knockout
Serum Replacement, 4.2 µg/ml Insulin, 3.8 µg/ml Transferrin, 0.005 µg/ml Selenium) or
DMEM low glucose culture medium (DLGM; DMEM low glucose containing
supplements as described above) was added to each well to partially immerse the
agarose block. Six to eight explants (1-2 mm3 pieces) per treatment group were placed
on 1.5% agarose gel in DHGM and six to eight additional pieces were placed on
agarose gel in DLGM (3-4 pieces per agarose pedestal). All treatments were incubated
at 37°C (5% CO2 in air) for five days. On Day 3 of culture, half of the culture medium
was removed and replaced with corresponding fresh medium. On Day 5, tissues were
collected for histology, viability, and gene expression (see below).
Tissue cryopreservation and thawing
Two cryopreservation conditions were evaluated: 10 and 20% (v/v) DMSO in
MEM with Earle’s Salts containing 25 mM HEPES, 100 U/ml Penicillin, 0.1 mg/ml
Streptomycin, 0.1 mM Pyruvate, 2 mM Glutamax, and 20% (v/v) fetal bovine serum [23].
Three cryovials per treatment group were used. Nine to ten pieces of tissue were placed
in each cryovial containing 0.5 ml of the appropriate freezing media. The cryovials were
placed in a Cool Cell Freezing Container (Biocision; San Rafael, CA, USA) within 15
min after adding the freezing media and placed in -80°C freezer overnight. The Cool
Cells provide a controlled temperature reduction of ~1°C per minute. The next day, the
cryovials were plunged into liquid nitrogen and stored until analysis.
To thaw, cryovials were removed from liquid nitrogen and thawed as previously
described [10,23]. Briefly, vials were held in room temperature air (22°C) for one minute
and then immersed in a 25°C water bath for 1 min. Then 1 ml of thawing medium (TM;
MEM with Earle’s Salts containing 25 mM HEPES, 100 U/ml Penicillin, 0.1 mg/ml
Streptomycin, 0.1 mM Pyruvate, 2 mM Glutamax, 20% fetal bovine serum) was added
at room temperature and mixed for 1 min. The contents of the vial were then poured into
a sterile petri dish containing 5 ml TM and incubated for 5 min. The tissues were then
transferred to a fresh culture dish with 5 ml TM and incubated for 5 min, and this
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process was repeated once more to ensure removal of cryoprotectant from tissue
pieces.
Tissue viability
To assess endometrial cell viability, two tissue pieces were placed in 1 ml
collagenase solution (CS; MEM with Earle’s Salts, 25 mM HEPES, 100 U/ml Penicillin,
0.1 mg/ml Streptomycin, 0.1 mM Pyruvate, 2 mM Glutamax, 0.2% collagenase) for 1 h
at 37°C with intermittent pipetting to dissociate the cells. Then the cell suspension was
centrifuged at 300x g for 5 min to pellet the dissociated cells. The supernatant was
discarded and 0.5 ml of fresh TM was added to the pellet to resuspend the cells. This
step was repeated twice and the cell pellet resuspended in 0.1 ml of fresh TM. Twenty
µl of the cell suspension was mixed with 0.11 mM SYBR-14 and 0.43 mM propidium
iodide (LIVE/DEAD Sperm Viability Kit; Molecular Probes; Eugene, OR, USA) and
incubated at 37°C for 15 min. The stained cell suspension was assessed using a
fluorescence microscope (200X magnification; Olympus BX40, Center Valley, PA, USA)
by counting 200 cells per sample. Cells staining green were classified as viable, and
those that stained red were classified as non-viable by a single researcher (R.E.T.).
Histology
Tissue samples were fixed in 1 ml of 4% paraformaldehyde for 24 h, and then the
paraformaldehyde was replaced with 1 ml of 70% ethanol until processing. The tissues
were embedded in paraffin wax and stained with hematoxylin and eosin. The stained
histological samples were evaluated for endometrial glands, stromal cells, and overall
tissue integrity for a total score of up to 6 points [23]. Briefly, the endometrial stroma
was assigned one point if it was not intact, two points for partially intact with features of
necrosis, or three points if it was normal. The endometrial glands were assigned one
point for absent glands and/or epithelial lining, two points for partial glandular epithelial
lining with or without features of necrosis, or three points for complete glandular lining.
Addition of the two scores was the overall tissue integrity score. The slides were
evaluated by one researcher (R.E.T.) who was blinded to the treatment groups.
Gene expression
Qiagen RNeasy Mini Kit (Qiagen Sciences Inc; Germantown, MD, USA) was
used to extract RNA from all flash frozen endometrial tissues (1-2 explants per
treatment group per individual) and analyzed for quantity and quality (260/280 and
260/230 ratios) using a NanoDrop spectrophotometer (ThermoScientific). Oligo(dT)
primers (0.5 µg) for mRNA and Superscript III reverse-transcriptase were used to
synthesize cDNA with SuperScript III First-Strand Synthesis System (Invitrogen;
Carlsbad, CA, USA). cDNA was reverse transcribed with 50 ng of total RNA and diluted
1:10 for use in each PCR reaction. Quantitative real time polymerase chain reaction
(qPCR; Light Cycler 96, Roche; Indianapolis, IN, USA) was then utilized to assess
mRNA expression with FastStart Essential DNA Green Master kit (Roche). Two µl
cDNA, 1µl forward primer (0.5 µM), 1 µl reverse primer (0.5 µM), 6 µl water, and 10 µl
DNA Green Master were used in each PCR reaction, and all reactions were performed
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in duplicate. Analysis conditions included incubation at 95°C for 10 min, followed by 45
cycles of 95°C for 10 s, 55°C for 10 s, and 72°C for 10 s. Specificity of amplified
products was assessed by examining the melting curve for each transcript. We
assessed ERα (F: CGAGGCTTCCATGATGGGTT; R: AGGATCTCTAGCCAGGCACA)
[23], PR (F: GTCAGTGGACAGATGCTGTA; R: CGCCTTGATGAGCTCTCTAA) [9], Ecadherin for cell adhesion (F: GAGTTTTGAAGGATGCACTG; R:
TCATCTCCGGATTATGAAGC) [23], and Ki67 for cell proliferation (F:
TCCTTGTGCAAGAGTGGCTT; R: CCCCGCTCCTTTTGATGGTA) [23]. The
housekeeping gene GAPDH (F: GTTTGTGATGGGCGTGAACC; R:
TTGGCAGCACCAGTAGAAGC) [23] was used to normalize gene expression using the
2-DDCT method [8].
Statistical analysis
Normality of data was confirmed through frequency distribution and QQ-plots.
Mixed model ANOVAs with individual donors serving as random effect were performed
in the statistical program R [11] using the lme4 package [2] with Tukey’s post-hoc
analysis. Viability, tissue structural integrity, and gene expression were used as
individual response variables comparing fresh tissue, cryopreserved tissues (10% and
20% DMSO) prior to culture, and tissues after culture (low glucose and high glucose
culture media). Values are empirical means and presented as mean ± SEM. A P-value
of < 0.05 was used to determine statistical significance.

Results
Viability
There was no difference (P > 0.05) in viability between fresh vs cryopreserved
endometrial tissues prior to or following in vitro culture when compared to the fresh
tissue control (Figure 3.1; all tables and figures from this chapter in Appendix C).
Glucose concentration in culture media did not (P > 0.05) influence cell viability among
treatments.
Histology
There was no difference (P > 0.05) in histology score among treatments prior to
or following in vitro culture when compared to the fresh tissue control, except fresh
tissues cultured in DMEM low glucose medium exhibited significantly (2.92 ± 0.36; P =
0.02) lower histology score compared with fresh control (5.67 ± 0.33; Figure 3.2A).
There were no differences (P > 0.05) in histology score between low and high glucose
culture conditions.
Gene Expression
Expression of both ERa and PR were reduced in most treatments compared to
fresh control, except in the case of 10% DMSO prior to culture wherein ERa expression
remained unaltered (P = 0.15; Figure 3.3A and 3.3B). E-cadherin expression declined in
most treatments (P < 0.05; Figure 3.3C) except the fresh tissue and 10% DMSO
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treatment groups following culture in low glucose medium (P = 1.00 and P = 0.32,
respectively), fresh tissue after culture in high glucose medium (P = 0.49), and 20%
DMSO treatment group prior to culture (P = 0.53). Ki67 expression was not different
among treatments compared to fresh tissue control (P > 0.05; Figure 3.3D). Comparison
of gene expression between low and high glucose culture conditions revealed no
differences among treatments in ERa, PR, or Ki67 expression. However, expression of
E-cadherin was higher (P < 0.01) in fresh tissues cultured in low glucose compared to
high glucose conditions (Figure 3.3C).

Discussion
While most research has focused on artificial reproductive techniques, such as
artificial insemination and estrous cycle synchronization protocols [15,22],
understanding normal physiology and disease states is critical for breeding endangered
equids. Very little is known about the normal mechanisms of signaling involved in the
non-domestic equid uterus, and while many of the mechanisms are extrapolated from
reports of uterine function in the domestic horse, it is unknown whether the domestic
mare is a good model for all non-domestic equids. Understanding signaling pathways of
Persian onager endometrium could lead to development of embryo transfer
technologies, improve management of uterine diseases, and increase overall
reproductive output.
Understanding the cryobiological properties of Persian onager endometrial tissue
is important for the systematic collection, preservation, and storage of endometrial
explants from this endangered species, which will facilitate in vitro endometrial
evaluations. In the present study, although viability and histology were not affected by
cryopreservation, gene expression of steroid hormone receptors and marker for cell
adhesion was reduced in some explants cryopreserved using either 10% or 20%
DMSO. The viability and histology results were similar to our recent findings on
domestic mare endometrial tissues [23], though gene expression changes did not mimic
the domestic mare changes post-thawing. In the domestic mare, no gene expression
changes occurred post-thawing. This reduction in steroid hormone gene expression
could indicate that the cryopreserved tissues may not respond to exogenous steroid
hormone treatment appropriately or could be due to our small sample size and should
be assessed in future studies.
Earlier studies of domestic mares evaluated in vitro culture of isolated
endometrial cells [21]. In contrast to monolayer culture, explants retain threedimensional structure of the tissue from which they are derived but could pose
additional challenges to long-term in vitro culture. Schwinghamer et al. [16] determined
that equine endometrial explants experience significant degeneration when submerged
in culture medium for only 48 h. We recently reported that endometrial explants from
domestic mares can be cultured in vitro for up to five days (120 h) using a fluid-gas
interface culture system [23]. Specifically, explants can be placed on an agarose
pedestal that is partially immersed in culture medium. Under these conditions, the
explants remained viable but most explants also revealed a central core of tissue
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degeneration consistent with compromised tissue perfusion causing hypoxia and tissue
degeneration [4,14,23]. Additionally, we assessed glucose concentration in culture
media because some previous studies indicated that high glucose in cell culture media
may increase apoptosis of cells [7] and other reports indicated that short term cultures
may not be affected by high glucose concentration in culture media [25]. In the present
study, there was no difference between low or high glucose medium in most of the
parameters evaluated, which is consistent with our findings in domestic mare
endometrial explant culture [23]. Overall, our results demonstrate that a liquid-gas
interface promotes tissue survival but was still compromised in the ability to eliminate
tissue degeneration. Therefore, future studies should focus on improving tissue
perfusion and minimizing tissue degeneration.
In conclusion, endometrial biopsies can be safely recovered from sedated
Persian onagers. Endometrial explants from Persian onagers can be cryopreserved in
either 10% or 20% DMSO using a slow freezing approach. Explants also can be
cultured in vitro (up to five days) in a fluid-gas interface culture system wherein
endometrial explants are placed on an agarose pedestal partially submerged in culture
medium which contains either low or high glucose. Although these results may be
considered significant for any wild equid, the consistent presence of a central core of
tissue degeneration suggests additional studies are warranted to mitigate these
detrimental effects. Utilizing smaller explants (≤ 1 mm3) may reduce the central core of
degeneration by improving tissue perfusion [18], or alternative culture models, such as
organoids or fluidic devices, may improve in vitro evaluation of non-domestic equid
endometrium. Finally, advances reported here will promote a better understanding of
endometrial function in both domestic and non-domestic equids.
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Appendix C

Figure 3.1 Viability of fresh and frozen-thawed (10% and 20% DMSO) endometrial
explants prior to and following culture in low or high glucose medium. Percentage of
intact cells in all treatment groups are displayed as mean ± SEM. Different letters (a, b,
c) indicate significant differences (P < 0.05) among treatment groups.
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Figure 3.2 Structural integrity with histological examples for all treatment groups; A)
structural integrity assessed by histological score in all treatment groups displayed as
mean ± SEM, different letters (a, b) indicate significant differences (P < 0.05) among
treatment groups; B) fresh tissue control prior to culture; C) fresh tissue after culture; D)
tissue cryopreserved with 10% DMSO prior to culture; E) tissue cryopreserved with 10%
DMSO after culture; F) tissue cryopreserved with 20% DMSO prior to culture; and G)
tissue cryopreserved with 20% DMSO after culture. Scale bars represent 500 µm for
10X magnification and 75 µm for 40X magnification (inset).
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Figure 3.3 Gene expression of A) estrogen receptor-a, B) progesterone receptor, C) Ecadherin, and D) Ki67 in endometrial tissues. Values were normalized to GAPDH using
2-DDCT [8] and displayed as the fold change ± SEM. Different letters (a, b, c) indicate
significant differences (P < 0.05) among treatment groups.
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CHAPTER IV
GENERATION OF HORMONE-RESPONSIVE ORGANOIDS FROM
DOMESTIC MARE AND ENDANGERED PRZEWALSKI’S HORSE
ENDOMETRIUM: A NOVEL PERSPECTIVE FOR CONSERVATION
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Abstract
Developing in vitro models to evaluate reproductive processes is critical for endangered
species conservation. The ability to study various reproductive processes in a culture
dish may allow critical evaluation of signaling pathways involved in the reproductive
cycle, early pregnancy, and reproductive diseases of animals that cannot be handled
frequently, such as wildlife species. The endometrium, the inner uterine lining, is
composed of cell layers that come in direct contact with an embryo during early
pregnancy and later with the fetal placenta. The endometrium is responsible for signals
associated with normal reproductive cyclicity as well as maintenance of pregnancy. In
the mare, functionally competent in vitro models of the endometrium have not been
successful. Here we report the establishment of hormonally-responsive organoids,
three-dimensional structures, derived from fresh and frozen-thawed equine
endometrium (Equus ferus caballus and E. f. przewalskii). This represents a ‘first’ for
any large animal model or endangered species. These physiologically functional
organoids may facilitate improved understanding of normal reproductive mechanisms,
uterine pathologies, and signaling mechanisms between the conceptus and
endometrium and lead to development of novel bioassays for drug discovery.

Introduction
Reproduction in endangered equids is similar to domestic horses, but not
identical. For example, length of the reproductive (estrous) cycle in Przewalski’s horses,
an endangered equid native to Asia, is slightly longer (~25 days) than the domestic
horse (~21-22 days), though individual variation is common in both subspecies [7].
Reproductive research in Przewalski’s horses has focused on assisted reproductive
technologies [6,28,29,33], but thorough evaluation of the normal reproductive
mechanisms associated with the uterus has not occurred. This wild equid has been
maintained in captivity and can be handled for reproductive evaluation with the aid of
specialized handling systems, however length and frequency of handling is much more
restricted than in domestic horses. Therefore, minimally invasive methods of evaluating
reproduction in non-domestic equids is critical.
The endometrium of the equine uterus responds to hormonal stimulation
throughout the estrous cycle by increasing progesterone and estrogen receptors during
60

estrus [11], stimulating proliferation of ciliated epithelial cells during diestrus, decreasing
secretory cells during diestrus [37], and by secreting prostaglandin F2a in response to
oxytocin during luteolysis [1,38,43,46,47]. Endometrial interactions with the embryo and
with the placenta later in pregnancy are critical to produce live offspring. Development
of an in vitro model system that mimics these physiological functions may facilitate
studies focused on evaluation of normal physiological processes, signaling events
during early pregnancy, and disease states that affect reproductive success [5].
Previous attempts to develop an in vitro model for equine endometrium focused on
monolayer cell cultures that are 2-dimensional and, thus, not normal conformationally,
as the endometrium is a 3-dimensional structure [49]. Likewise, endometrial explant
cultures were unable to support long-term growth in vitro [42]. Recently, a co-culture
system with equine endometrial epithelial and stromal cells utilizing welled plates with
semipermeable membrane inserts was described, but there was poor epithelial cell
differentiation and exogenous hormones failed to induce morphological changes or alter
hormone receptor expression [25]. Therefore, other novel approaches are warranted to
establish and maintain structurally and physiologically normal endometrial cells in vitro.
Organoids represent three-dimensional in vitro culture systems derived from
stem or differentiated cells that can be cultured long-term and self-organize to mimic the
structure and function of their tissue of origin [4]. Typically, organoids are generated by
embedding cells in an extracellular matrix, like Matrigel, and culturing them in media
supplemented with various growth factors [4]. Tissue derived organoids have been
established for many organs, including the intestines [41], liver [14], prostate [16], brain
[24], and oviduct [20,55]. Endometrial organoids have been reported in the mouse and
human using fresh endometrial tissues which grow long-term [3,8,53]. We have
therefore adapted this organoid methodology to derive endometrial organoids for the
horse (domestic and non-domestic) to generate a much needed, physiologically
relevant culture system that would allow the study of molecular mechanisms involved in
normal physiologic processes of the equine endometrium, such as maternal recognition
of pregnancy, and endometrial diseases [5]. By evaluating these processes in vitro
rather than in vivo, experiments can be better controlled, reduce dependence on live
animals, and be performed throughout the year (using cryopreserved endometrial
explants) [52]. Our objective was to assess histology, immunohistochemistry, and gene
expression in fresh versus frozen-thawed equine endometrial organoids. We
hypothesize that equine endometrial organoids derived from frozen-thawed tissues will
not have different histology, immunohistochemistry, and gene expression in response to
hormonal treatments than organoids derived from fresh tissue. In this report, we
describe the generation of hormonally-responsive organoids from fresh and
cryopreserved endometrial explants derived from domestic (Equus ferus caballus) and
Przewalski’s (E. f. przewalskii) mares. The organoids retain their ability to maintain
three-dimensional tissue structure and respond to exogenous hormonal stimulation and
provide a novel in vitro model for the endometrium in equids.
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Materials and Methods
Animals
Endometrial biopsies were collected from domestic (n = 11) and Przewalski’s
mares (n = 3). Only mares with a Kenney-Doig score of I or IIa [19] for endometrial
biopsies, which controls for level of endometrial inflammation and fibrosis, were used in
this study. Mares were evaluated for stage of the estrous cycle by transrectal ultrasound
every other day, and endometrial biopsies were collected during estrus (≥ 35 mm follicle
diameter, no corpus luteum, and uterine edema). Przewalski’s mares were confined to a
padded hydraulic restraint device (Fauna Research Inc., Red Hook, NY, USA) and
sedated with 15 mg detomidine hydrochloride IM (Dormosedan, Zoetis, Parsippany, NJ,
USA) and 50 mg butorphanol tartrate IM (Torbugesic, Zoetis) [7]. Two endometrial
biopsies were collected using aseptic techniques [19] from each mare. Domestic mare
biopsies were shipped in sterile saline overnight on ice to the Smithsonian Conservation
Biology Institute (SCBI) for processing. Biopsies from Przewalski’s mares were placed
in sterile saline and processed within 2 h of biopsy collection. All animal procedures
were approved by the Institutional Animal Care and Use Committees of the University of
Tennessee, Auburn University, University of Kentucky, and the Smithsonian
Conservation Biology Institute.
Tissue processing
Unless stated otherwise, all chemicals were purchased from Sigma-Aldrich
Chemicals, St. Louis, MO, USA.
Biopsies were dissected on ice with a sterile scalpel blade into 1-2 mm3 pieces in
Handling Medium (HM; MEM with Earle’s salts, 25 mM HEPES, 100 U/ml Penicillin, 0.1
mg/ml Streptomycin, 0.1 mM pyruvate, 2 mM Glutamax, 5% Bovine Serum Albumin)
[52]. Two small pieces were immediately fixed in 4% paraformaldehyde (Thermo Fisher
Scientific; Middletown, VA, USA) for histology and immunohistochemistry. Half of the
remaining tissue pieces were cryopreserved (see below), and the remaining tissue
pieces were enzymatically dissociated for use in the culture system. Thus, the biopsies
from each mare were used in both groups: organoids derived from fresh tissue and
organoids derived from frozen-thawed tissue.
Organoid culture
Conditions for generation of organoids were adapted from those described for
human endometrial organoids [3,53]. Briefly, tissue pieces were incubated in
collagenase V (0.4 mg/ml)/dispase II (1.25 U/ml) in RPMI-1640 medium for 20 min on a
shaking warm plate at 37°C. The tissue suspension was assessed every 10 min using
an inverted microscope to confirm the presence of partially dissociated glands. The
digest was then diluted in RPMI-1640 containing 20% fetal bovine serum to stop
enzyme action. The solution was then passed through a 100-µm cell strainer and then
backwashed with RPMI-1640. The resulting suspension was centrifuged for 10 min at
1,000 x g at room temperature and the supernatant removed. The pellet was
resuspended in 1 ml DMEM/F12 and centrifuged. The supernatant was discarded and
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the pellet suspended in 20X (v/v) phenol red free, growth factor reduced Matrigel
(Corning; Corning, NY, USA). The Matrigel solution was plated in 25 µl drops in a 48well plate (Corning Costar TC-Treated Multiple Well Plates). The drops were allowed to
solidify for 30 min at 37°C. Then, 250 µl organoid medium was added to each well [OM;
DMEM/F12 without phenol red, 1% penicillin/streptomycin, 2.5 mM L-glutamine, 2%
B27 Plus (Thermo Fisher), 1% N2 (Thermo Fisher), 1% ITS, 1 mM nicotinamide, 50
ng/ml recombinant human EGF (R&D Systems; Minneapolis, MN, USA), 50 ng/ml
recombinant human FGF-10 (PeproTech; Rocky Hill, NJ, USA), 100 ng/ml recombinant
human Noggin (R&D systems), 0.5 µM TGFb/Alk inhibitor A83-01 (Tocris; Minneapolis,
MN, USA), 1.25 mM N-acetyl-L-cysteine (Millipore Sigma; Burlington, MA, USA), 10 µM
SB202190]. The culture dishes were placed in an incubator at 37°C and 5% CO2 in air.
Half of the culture medium was removed and replaced every other day. The organoid
cultures were passaged every 6 days. To passage, the Matrigel containing the
organoids was scraped from the culture plate, placed in microcentrifuge tubes, and
centrifuged at 1,000 x g for 10 min. The supernatant was removed, and the pellet was
resuspended in DMEM/F12. The organoids were further dissociated by repeated
pipetting (~800x), washed twice in DMEM/F12, and replated as previously described
following resuspension in Matrigel.
After the second passage (18 days from initial isolation of endometrial glands),
exogenous hormones were added to the culture medium. Briefly, there were six
treatment groups: no hormones added to culture medium (control, C) for 6 days, 1 µM
progesterone for 6 days (P4), 10 nM estradiol-17b for 6 days (E2), 10 nM estradiol-17b
for 2 days followed by 1 µM progesterone for 4 days (E2/P4), control medium for 5 days
then 10-5 M oxytocin for 24 hours (C/OT-5), and control medium for 5 days then 10-6 M
oxytocin for 24 hours (C/OT-6). All experiments were repeated eight times for each of
the hormonal treatments per mare. Organoids were removed from the culture after
hormonal treatments and processed for subsequent analyses (see histology, gene
expression, immunohistochemistry, and transmission electron microscopy below).
Organoid generation from single cells
Endometrial glands were dissociated as previously described, and then the cell
suspension was filtered through a 40 µm cell strainer to ensure only single cells were
obtained. Isolated cell suspension was serially diluted to obtain 5.2 cells per microliter.
Then cells were plated (26 cells per 5 µl droplet of Matrigel with 3 droplets per well;
2,500 total single cells in 32 wells), overlaid with 250 µl of OM, and cultured for 14 days
as previously described.
Tissue cryopreservation and thawing
Cryopreservation was performed as previously described [52]. Briefly, explants
were cryopreserved in 10% (v/v) DMSO in MEM with Earle’s salts containing 25 mM
HEPES, 100 U/ml Penicillin, 0.1 mg/ml Streptomycin, 0.1 mM Pyruvate, 2 mM
Glutamax, and 20% (v/v) fetal bovine serum. Three cryovials per individual mare were
used. Nine to ten pieces of tissue were placed in each cryovial containing 0.5 ml of the
freezing media. The cryovials were placed in a -80°C freezer in Cool Cell Freezing
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Containers (Biocision; Larkspur, CA, USA; temperature decrease ~1°C per minute)
overnight. On the second day, the cryovials were plunged into liquid nitrogen and stored
until thawing.
To thaw, cryovials were removed from liquid nitrogen and thawed in room
temperature air (22°C) for one minute and then immersed in a 25°C water bath for one
minute [34,52]. Then 1 ml of thawing medium (TM; MEM with Earle’s salts containing 25
mM HEPES, 100 U/ml Penicillin, 0.1 mg/ml Streptomycin, 0.1 mM Pyruvate, 2 mM
Glutamax, 20% fetal bovine serum) was added at room temperature and mixed gently
for one minute. The contents of the vial were then poured into a petri dish containing 5
ml TM to dilute the DMSO and incubated for 5 min. This step was repeated twice more,
and tissue pieces then were enzymatically digested for organoid culture, as described
above.
Histology
Organoids were soaked in Cell Recovery Solution (Corning) and washed with
DMEM/F12 via centrifugation (600 x g for 6 min). Organoid pellets were fixed in 4%
paraformaldehyde for 30 min, then embedded in 2% agarose gel (Bio-Rad;
Philadelphia, PA, USA). The agarose-embedded organoids were stored in 70% ethanol
until processing. The organoids were embedded in paraffin wax, sectioned (6 µm), and
stained with hematoxylin and eosin stain using standard procedures.
Gene expression
Organoid pellets were formed as for histology preparation above but were flash
frozen in liquid nitrogen and stored at -20°C until processing, rather than fixed. Qiagen
RNeasy Mini Kit (Qiagen Sciences Inc.; Germantown, MD, USA) was used to extract
total RNA and analyzed for quantity and quality using a NanoDrop spectrophotometer
(Thermo Scientific). Oligo(dT) primers for mRNA and Superscript III reversetranscriptase were used to synthesize cDNA with SuperScript III First-Strand Synthesis
System (Invitrogen; Carlsbad, CA, USA). Quantitative real time polymerase chain
reaction (qPCR) was then utilized to assess gene expression with FastStart Essential
DNA Green Master kit (Roche; Indianapolis, IN, USA). Samples were analyzed using a
Light Cycler 96 (Roche). PCR conditions included 95°C for 10 min, followed by 45
cycles of 95°C for 10 s, 55°C for 10 s, and 72°C for 10 s. Specifically, we assessed ki67
for cell proliferation, estrogen receptor-α (ERα), progesterone receptor (PR), e-cadherin
for cell adhesion, prostaglandin-endoperoxide synthase 2 (PTGS2), prostaglandin-E
synthase (PGES), and oxytocin receptor (OXTR; Table 4.1; all tables and figures from
this chapter in Appendix D). The housekeeping gene GAPDH was used to normalize
gene expression using the 2-DDCT method [27].
Immunohistochemistry
Tissue sections previously embedded in paraffin were mounted on Superfrost
Plus slides. Sections were incubated in a series of Slide Brite (Thermo Fisher) washes
to remove paraffin and then rehydrated by immersing the slides in a series of ethanol
washes. Antigen retrieval was accomplished by incubating the slides in 10 mM sodium
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citrate buffer at 96°C for 20 min. Then sections were incubated in blocking serum (RTU
Vectastain kit; Vector Laboratories; Burlingame, CA, USA) for 20 min. Primary
antibodies were diluted in 0.1% tween 20, 1% bovine serum albumin, and phosphate
buffered saline. For negative control, sections were incubated with 0.1% tween 20, 1%
bovine serum albumin, and phosphate buffered saline alone. All slides were incubated
overnight at 4°C. Endogenous peroxidase activity was neutralized with 0.3% H2O2 for
15 min. Then the biotinylated horse anti-mouse or anti-rabbit secondary antibody was
added to each slide (RTU Vectastain kit; Vector Laboratories) for 30 min and visualized
using Vectastain ABC and DAB substrate solution (DAB substrate kit; Vector
Laboratories). All slides were then counterstained with hematoxylin. Expression of ERa
[15] and PR [30] proteins established whether treatments caused organoids to change
in response to sex steroid stimulation [11]. PTGS2, an enzyme that causes the
production of prostaglandins, was assessed to determine response to oxytocin
treatment [18] (Table 4.2). While all of these antibodies were originally developed for
other species (bovine, human), all have been published with use in equine tissues
[15,18,30].
Transmission electron microscopy
Organoid pellets were generated as for histology preparation above but were
fixed in 2% glutaraldehyde and 4% paraformaldehyde in 0.1 M cacodylate buffer.
Sample preparation and imaging with a JEOL 1230 transmission electron microscope
was conducted by the University of Virginia Advanced Microscopy Facility.
Viability staining
Viability of organoids was assessed using SYBR-PI [10]. Briefly, 20 µM SYBR-14
(LIVE/DEAD Sperm Viability Kit; Molecular Probes; Eugene, OR, USA) was added to
each well containing a 25 µl Matrigel droplet in 250 µl OM. Samples were incubated for
15 min (37°C) and then 48 µM propidium iodide (LIVE/DEAD Sperm Viability Kit) was
added to each well. All samples were further incubated for an additional 90 min to
facilitate uptake of stain before imaging. Cells staining green were considered viable
(membrane intact) and cells staining red were considered non-viable (non-intact
membrane) for qualitative analysis.
Statistical analysis
Gene expression data was analyzed in the statistical program R [35]. A ShapiroWilk test determined that gene expression data was not normally distributed. Therefore,
Kruskal-Wallis test was used to assess significance and followed by a post-hoc Dunn
test. Values are presented in box plots as median, interquartile distance, minimum
values, and maximum values. A P-value of < 0.05 was used to determine statistical
significance compared to C treatment.
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Results
Endometrial organoids can be established from both fresh and frozen-thawed
domestic mare tissue biopsies
Endometrial organoids derived from both fresh and frozen-thawed domestic mare
explants (n = 11) were grown for 24 days (3 passages, 6 days per passage; Figure
4.1A-B) before removing organoids from culture conditions. Live/dead staining with
SYBR-14 and propidium iodide revealed organoids composed of predominantly viable
cells (Figure 4.1C). A small proportion of organoids also revealed some degenerative
changes, as evidenced by dark coloration of cells evaluated by microscopy. Histologic
assessment of organoids revealed cystic structures composed of columnar epithelial
cells with basally located nuclei (Figure 4.1E-G) consistent with intact endometrial
explant gland histology (Figure 4.1D). Transmission electron microscopy (TEM)
revealed well organized microvillus columnar epithelial cells with extensive network of
secretory apparatus demonstrating secretory function of the in vitro derived organoids
(Figure 4.2A-D). Furthermore, single cells derived from intact endometrial glandular
fragments retained their clonogenic ability in vitro, as demonstrated by single cells
developing into three-dimensional organoids, albeit at a very low rate (0.01%; data not
shown).
Organoids respond to exogenous hormonal stimuli
Gene expression of organoids derived from both fresh and frozen-thawed tissue
explants was altered in response to exogenous hormone treatments, which is
necessary to determine whether organoids mimic the endometrium in vivo via mounting
a physiological response to estrogen, progesterone, and oxytocin. E-cadherin, a marker
for cell adhesion, was reduced in frozen-thawed explant-derived organoids in response
to 10 nM estradiol-17b for 2 days followed by 1 µM progesterone for 4 days (E2/P4; P =
0.01), 1 µM progesterone for 6 days (P4; P = 0.02), and control medium for 5 days then
10-5 M oxytocin for 24 hours (C/OT-5; P = 0.02) compared to control (C, no hormones
added; Figure 4.3A). No differences were detectable in Ki67 expression for either fresh
(P = 0.054) or frozen-thawed (P = 0.14) explant-derived organoids compared to C
(Figure 4.3B). Expression of ERa was reduced in both fresh and frozen-thawed
organoids compared to C for organoids treated with both 10 nM estradiol-17b for 6 days
(E2; P = 0.002 and P = 0.002, respectively) and E2/P4 (P = 0.009 and P = 0.001,
respectively; Figure 4.3C). PR gene expression in fresh tissue-derived organoids was
increased compared to C for E2 organoids (P = 0.01; Figure 4.3D).
We also evaluated PTGS2, PGES, and OXTR gene expression in response to
treatment with two concentrations of oxytocin (10-5 M and 10-6 M) to further evaluate
cellular function. Previous reports indicated that prostaglandin production in response to
oxytocin treatment is a reliable method to confirm that cultured endometrial cells exhibit
normal physiological function [49,51]. Expression of PTGS2 (Figure 4.3E) was elevated
in fresh tissue-derived organoids treated with control medium for 5 days then 10-6 M
oxytocin for 24 hours (C/OT-6) compared to C (P = 0.004) and reduced in frozenthawed explant-derived organoids treated with C/OT-5 compared to C (P = 0.003).
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Levels of PGES were elevated in both fresh and frozen-thawed tissue-derived explants
treated with C/OT-6 compared to C (P = 0.014 and P = 0.017, respectively; Figure
4.3F). OXTR expression (Figure 4.3G) was reduced in fresh tissue-derived organoids
treated with C/OT-5 compared to C (P = 0.008) with no differences among treatments
for frozen-thawed explant-derived organoids (P = 0.87). Direct comparison of fresh and
frozen-thawed explant-derived organoids revealed differences for E-cadherin (P =
0.0006), Ki67 (P = 0.048), and PTGS2 (P = 0.005) with no differences for ERa (P =
0.984), PR (P = 0.095), PGES (P = 0.764), or OXTR (P = 0.301).
Immunohistochemistry revealed that expression of ERa and PR was localized to
the nuclei of both fresh and frozen-thawed explant derived organoids (Figure 4.4A-B
and 4.4D). Expression of PTGS2 was localized to the cytoplasm of both fresh and
frozen-thawed explant derived organoids (Figure 4.4C-D).
Endometrial organoids derived from Przewalski’s mare biopsies proliferate and
respond to hormonal stimulation in vitro
Using our now established domestic mare endometrial organoid culture
conditions, we set out to establish organoids from frozen-thawed explants from
Przewalski’s mares (n = 3; Figure 4.5A). Gene expression among treatment groups
compared to C was not different for ERa (P = 0.125), PR (P = 0.143), E-cadherin (P =
0.349), Ki67 (P = 0.664), PTGS2 (P = 0.240), PGES (P = 0.661), or OXTR (P = 0.725;
data not shown). Direct comparison of Przewalski’s horse to domestic horse organoids
showed elevated OXTR (P = 0.006) in the Przewalski’s horse but no difference for ERa
(P = 0.689), PR (P = 0.486), E-cadherin (P = 0.104), Ki67 (P = 0.090), PTGS2 (P =
0.811), or PGES (P = 0.099). Similar to the domestic horse, immunohistochemistry of
ERa and PR revealed expression localized to the nuclei of organoids and PTGS2
expression in the organoid cytoplasm (Figure 4.5B-D).

Discussion
Here we report the first successful generation of hormone-responsive organoids
derived from fresh and frozen-thawed endometrial tissues from domestic and nondomestic equids. Results also represent a ‘first’ for any domestic large animal or wildlife
model. All organoids maintained structural characteristics of the original tissue forming
cystic structures lined with microvillus columnar cells with basally located nuclei. In the
present study, cultures were ended after 24 days (three passages) to ensure a
consistent growth period and facilitate subsequent experimentation. However, additional
studies are warranted to understand the impact of longer culture periods on endometrial
organoid viability and function. Formation of organoids required inclusion of an
extracellular matrix, Matrigel. Furthermore, these three-dimensional structures
responded to external hormonal stimuli, a necessary feature for mimicking in vivo
function. Interestingly, culture conditions similar to those previously described for murine
and human endometrial organoids were able to generate endometrial organoids from
both domestic and non-domestic equids. This further suggests that mechanisms
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involved in formation of organoids in vitro from endometrial tissues may be conserved
among the laboratory mouse, human, and equine models.
While mouse endometrial organoids have been reported to be either “dense” or
“cystic” [3], both human and horse endometrial organoids appear as discrete, cystic
structures lined by columnar epithelial cells [3,53]. Though the clonogenic rate was low,
the rate reported in human endometrial organoids was only 2-4% in cells plated with
100 cells per 5 µl drop of Matrigel and 10 times lower in cells plated with 10 cells per 5
µl drop [53]. Estimation of clonogenic rate in the equine endometrial organoids used 26
cells per 5 µl Matrigel drop for a rate of 0.01%. As the human endometrium is sloughed
and regenerated every month through the menstrual cycle, a higher clonogenic rate in
endometrial cells is expected than in equids that experience estrous cycles which do not
involve endometrial sloughing. Furthermore, the addition of specific supplements to
culture medium, such as the Glycogen Synthase Kinase-3 inhibitor CHIR9902 or Rhoassociated protein kinase (ROCK) inhibitors, may improve clonogenic rate of cells
cultured in a low density [13,23,26,54,56]. Transmission electron microscopy revealed
basally located nuclei, apical microvilli, and a well-formed secretory apparatus in the
equine endometrial organoids, demonstrating that the organoids appear to retain their
secretory function similar to in vivo endometrium. Moreover, qualitative
immunohistochemistry revealed presence of ERa, PR, and PTGS2 proteins, indicating
the equine organoids are capable of responding to exogenous hormonal stimuli.
Culture media used here varied slightly from those reported for human
endometrial organoids. The media used for equine organoids was most similar to the
report by Boretto, et al. [3] with the primary difference that the Wnt activator R-spondin1 was not used in the equine organoid medium, and estradiol-17b was not used during
expansion of the equine organoids, as this reduced rate of organoid expansion (data not
shown). When compared to the culture medium used by Turco, et al. [53], several
supplements, including primocin, recombinant human R-spondin-1, and recombinant
human hepatocyte growth factor (HGF), were not used during equine endometrial
organoid culture, and the equine organoids were cultured with the addition of
penicillin/streptomycin, ITS, and SB202190. Primocin is an antimicrobial agent, which
was substituted with penicillin and streptomycin for antimicrobial coverage for the
equine organoids. R-spondin-1, a common supplement in organoid cultures [3,4,32] is
linked to the Wnt signaling pathway [21], which is necessary for cell function, including
in the equine endometrium [2]. HGF is a growth factor that promotes proliferation and
differentiation of epithelium and has been used in organoid cultures [12,17,40]. For the
mare, it was not critical to include these additional supplements in the culture medium,
as we were able to consistently produce viable organoids in vitro in the absence of
these factors. However, addition of R-spondin-1 and/or HGF may increase growth rate
of organoids, as reported in human endometrial culture [53], and could be an area of
future research.
This is the first report of endometrial organoid production from both fresh and
frozen-thawed tissue. Endometrial explants were cryopreserved using slow cooling
(~1°C per minute) in the presence of 10% dimethyl sulfoxide (DMSO) as previously
described [52]. Cryopreservation conditions optimized for the domestic mare also were
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suitable for the preservation of Przewalski’s horse endometrial tissue. The ability to
cryopreserve equine endometrial biopsies not only allows for year-round reproductive
studies using in vitro approaches, a historical challenge in mares due to seasonally
anestrous cyclicity, but also permits systematic collection and banking of endometrial
biopsies from both domestic and endangered equids. Additionally, utilization of frozenthawed endometrial tissue may mitigate seasonal influences on data generated with
tissues derived from different times of the year, which is particularly important for
species that experience seasonal reproduction.
Organoids derived from both fresh and frozen-thawed tissue responded to
exogenous hormone stimulation with changes in gene expression. While E-cadherin,
the gene marker for cell adhesion, was reduced in some of the organoids derived from
frozen-thawed tissue, cell proliferation, as indicated by Ki67 mRNA [45], was not altered
among any of the treatment groups in organoids derived from either fresh or frozenthawed tissue. Estradiol-17b in culture media (both E2 and E2/P4) reduced expression of
ERa in both fresh and frozen-thawed tissue derived organoids. Additionally, organoids
derived from fresh tissues exposed to E2 supplemented culture medium displayed
elevated PR expression. These results demonstrate the ability of organoids to respond
to exogenous steroid hormone treatment with corresponding changes in gene
expression. In mares, estrogen and progesterone receptor protein and mRNA have
been reported to increase during estrus and decrease during diestrus [11], though
another report indicated that PR expression was unaffected between estrus and
diestrus [44]. Although we expected ERa and PR to increase in organoids exposed to
E2 treatments and to decrease in E2/P4 and P4 treatments, our results failed to support
this prediction. This phenomenon may be due to the lack of feedback mechanisms that
operate in vivo but are absent in the in vitro system, such as the absence of endometrial
stromal cells and components of the hypothalamic-pituitary-gonadal axis, or variation
among donors, which might have influenced our results and warrant additional studies.
Furthermore, as the domestic mares utilized here were research mares that are often
donated to a university, age, breed, and parity can be quite variable, which could have
affected the outcome though all mares were considered reproductively sound by a
veterinarian. We controlled for grade of uterine inflammation and fibrosis (Kenney-Doig I
or IIa), general stage of the estrous cycle (estrus), and month of sample collection
(August), but exact day of estrus (estrus is 4-7 days in length) was not controlled. To
our knowledge, no reports have evaluated ERa and PR gene expression of equine
endometrial monolayer cell cultures in vitro, though immunohistochemical expression of
ERa and PR did not change in response to exogenous hormone treatments in cell
cultures of equine endometrial stromal and epithelial cells separated by semipermeable
membrane well inserts [25].
Additionally, we evaluated PTGS2, PGES, and OXTR gene expression in
response to treatment with two concentrations of oxytocin (10-5 M and 10-6 M) to
evaluate cellular function. Previous reports indicate that prostaglandin production in
response to oxytocin treatment is a reliable approach to determine if cultured
endometrial cells function physiologically [49,51]. In the present study, PTGS2 was
reduced in frozen-thawed tissue derived organoids when exposed to C/OT-5 but
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elevated in fresh tissue derived organoids when treated with C/OT-6. Organoids
displayed higher levels (expression) of PGES in both fresh and frozen-thawed derived
tissue organoids when treated with C/OT-6. Lastly, OXTR was reduced in fresh-tissue
derived organoids treated with C/OT-5. Previous studies also have shown that PGE2
increases in response to oxytocin treatment during both the follicular phase and luteal
phase in vivo [9], and PGE2 production increases in equine endometrial stromal and
epithelial monolayer cell cultures when incubated in the presence of 10-7 M oxytocin
[48]. While the prostaglandin synthase fold changes reported here are lower than those
reported in the mare monolayer culture [48], this could be due to the structural and
functional differences between the monolayer and organoid culture models. In a
monolayer, the exogenous hormones in the culture media are in direct contact with
every cell, while organoids are three-dimensional and embedded within Matrigel,
probably limiting hormone diffusion through the Matrigel and restricting direct cellular
contact to only the exterior of the organoids. While the prostaglandin synthase and
OXTR gene expression was variable in this report, the organoids responded by
stimulating the prostaglandin synthesis cascade in response to oxytocin treatment after
culture.
Przewalski’s horses were once extinct in the wild [22]. After diligent efforts by
captive breeding programs, they are now considered endangered by the IUCN Red List
of Threatened Species [22] with ~2,000 individuals worldwide. Reproductive research in
this endangered equid has focused on artificial reproductive technologies [6,28,29,33],
but thorough evaluation of the normal reproductive mechanisms associated with the
uterus has not occurred. While our sample size for Przewalski’s mares was restricted (n
= 3) due to limited number of individuals in captive populations in addition to challenges
associated with handling, we demonstrated our ability to generate long-term growth of
endometrial organoids from this endangered species. In contrast to domestic mares, no
significant gene expression changes occurred in response to hormone treatments, likely
due to the low sample size, but we demonstrated protein expression of ERa, PR, and
PTGS2 through immunohistochemistry in the organoids. Although Przewalski’s horses
diverged evolutionarily from the domestic horse thousands of years ago [39], the
mechanisms enabling formation of endometrial organoids appear to be conserved
between the domestic mare and the Przewalski’s horse.
In conclusion, this is the first report of equine endometrial organoid generation
and long-term culture. The organoid cultures can be maintained long-term while
retaining the ability to respond to hormonal stimuli, which overcomes the two shortcomings associated with the traditional equine endometrial explant and monolayer cell
cultures. This is also the first report of endometrial organoids developed from frozenthawed tissue in any species. Finally, this is the first report of in vitro culture to assess
reproduction of endangered Przewalski’s horses. This novel method of culturing equine
endometrium in vitro may lead to improved in vitro evaluation of normal reproductive
physiology, pathological conditions, and potential therapies for uterine diseases in both
domestic and endangered equids.
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Appendix D

Table 4.1 Primer pairs used to amplify target genes
Primers
E-cadherin
Ki67
ERa
PR
PTGS2
PGES
OXTR
GAPDH

Sequences
F: GAGTTTTGAAGGATGCACTG
R: TCATCTCCGGATTATGAAGC
F: TCCTTGTGCAAGAGTGGCTT
R: CCCCGCTCCTTTTGATGGTA
F: CGAGGCTTCCATGATGGGTT
R: AGGATCTCTAGCCAGGCACA
F: GTCAGTGGACAGATGCTGTA
R: CGCCTTGATGAGCTCTCTAA
F: GCCACGATTTGGCTGCGGGA
R: CCTGCTCGTCTGGAACAAGCGT
F: CACGCTGCTGGTCATCAAGA
R: CTCTCAGGCAACGCTCCAC
F: TGGACGCCATTCTTCTTCGT
R: GCCCGTGAACAGCATGTAGA

bp
125

References
[52]

136

[52]

147

[52]

255

[31]

96

[50]

152

[50]

141

[36]

F: GTTTGTGATGGGCGTGAACC
R: TTGGCAGCACCAGTAGAAGC

255

[52]

Table 4.2 Antibodies used for immunohistochemistry
Primary
antibody
ERa

Origin

Host

Type

Bovine

Mouse Monoclonal 1:200

PR

Human Mouse Monoclonal 1:200

PTGS2

Human Rabbit

Polyclonal

Dilution Source

1:25

Santa Cruz Biotechnology;
sc-787
ThermoFisher Scientific;
MA5-12642
Oxford Biomedical
Research; PG46
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Figure 4.1 Establishment of organoids from fresh and cryopreserved equine
endometrial tissues. A-B) Culture images of organoids derived from fresh (A) and
frozen-thawed (B) domestic mare endometrial tissue through passage 2 days 0 to 6. C)
Viability staining of a single organoid in culture using SYBR-14 and propidium iodide
staining. D-G) Histological images of intact explant (D) and organoids (E-G). P =
passage and D = day of culture. Scale bar = 200 µm (C-E), 100 µm (F), and 25 µm (G).
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Figure 4.2 In vitro produced organoids retain structural organization of endometrial
glands from intact tissues. Transmission electron microscopy images of C treatment
groups for organoids derived from both fresh (A-B) and frozen-thawed (C-D) domestic
mare endometrial tissue. Scale bar = 5 µm (A), 2.5 µm (B-C), 0.2 µm (D).
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Figure 4.3 In vitro produced endometrial organoids retain the ability to respond to
exogenous hormones. Gene expression of E-cadherin (A), Ki67 (B), ERa (C), PR (D),
PTGS2 (E), PGES (F), and OXTR (G) in organoids derived from fresh and frozenthawed domestic mare endometrial tissue. The housekeeping gene GAPDH was used
to normalize gene expression using the 2-DDCT method [27]. Asterisks represent
significant differences among fresh tissue derived organoid treatments compared to the
fresh tissue derived organoid C and frozen-thawed tissue derived organoid treatments
compared to the frozen-thawed tissue derived organoid C.
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Figure 4.4 Endometrial tissues and organoids express ERa, PR, and PTGS2 proteins.
Immunohistochemistry of fresh tissue and fresh and cryopreserved tissue-derived
organoids from domestic mares evaluated for expression of ERa (A), PR (B), PTGS2
(C), and a higher magnification (1,000X) of fresh Control organoids stained for ERa,
PR, and PTGS2 (D). Scale bar = 100 µm (A-C) and 25 µm (D).
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Figure 4.5 Establishment of endometrial organoids from the endangered Przewalski’s
horse and expression of ERa, PR, and PTGS2 proteins in tissue and organoids. A)
Culture images of organoids derived from frozen-thawed Przewalski’s mare endometrial
tissue through passage 3 days 0 to 6. B-D) Immunohistochemistry of Przewalski’s mare
organoids evaluating expression of ERa (B), PR (C), and PTGS2 (D). P = passage and
D = day of culture. Scale bar = 100 µm.
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CHAPTER V
CONCLUSION
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In Chapter 1 of this dissertation, normal and pathological conditions of the in vivo
equine uterus were discussed. Then, current state of in vitro techniques and future
directions for in vitro models of the equine endometrium were described and concluded
that novel designs for in vitro cell cultures for the equine endometrium are critical.
Chapter 2 focused on understanding the cryobiological properties of equine endometrial
tissue. Specifically, three concentrations (0%, 10%, and 20% v/v) of the cryoprotectant
dimethyl sulfoxide (DMSO) were compared during cryopreservation (slow freezing) of
domestic mare endometrial explants. Both 10% and 20% DMSO were effective for
maintaining cellular viability, structural integrity, and gene expression of the tissues.
Utilizing a fluid-gas interface culture system, fresh and frozen-thawed equine
endometrial explants were cultured comparing low and high glucose in culture media.
There were no differences in viability, structural integrity, or gene expression between
low and high glucose in the culture media. This was the first report of extending equine
endometrial explant cultures successfully to 5 days, though a central core of necrosis
occurred, which is common in explant cultures and warrants additional optimization of
the culture system. Chapter 3 was dedicated to cryopreservation of endometrial
explants from the endangered Persian onager, utilizing a similar study design to
Chapter 2. As with the domestic mare, both 10% and 20% DMSO were equally suitable
as cryoprotectants for endometrial explants from Persian onagers, and glucose
concentration did not affect the endometrial explants during 5-day explant culture.
Chapter 4 centered on developing methodology for isolating endometrial glands from
equine endometrial tissue, optimizing 3-dimensional organoid cell cultures using the
isolated glands, and assessing the structure and function of the organoids. These
experiments were performed using tissue from both domestic and endangered
Przewalski’s horses. Additionally, fresh and frozen-thawed tissue derived organoids
were compared. This was the first report of endometrial organoids derived from a
domestic or wildlife species, as they have only been previously reported in mice and
women. These endometrial organoids were maintained long-term (24 days) and
responded to exogenous hormone stimulation with changes in gene expression.
This dissertation concentrated on three priorities in animal research: 1) replace
animals, when possible, with alternative techniques, 2) reduce number of animals, and
3) refine care of animals to decrease stress and pain. In vitro research can ‘replace’
animals by utilizing cell/tissue culture techniques and ‘reduce’ the number of animals
required for tissue acquisition for use in cell culture. Furthermore, performing
reproductive research with minimal invasiveness through in vitro models can lessen
time required to perform reproductive research, save money, and improve animal
welfare. Typically, reproductive research in mares requires evaluation through multiple
estrous cycles for several therapeutics, and mares are usually evaluated by transrectal
ultrasound many times over the research period. By utilizing in vitro models for
evaluating reproduction, therapeutics can be evaluated in tandem for each individual,
reducing the number of mares required in research herds, minimizing animal handling,
and decreasing the time required for performing animal research projects. Ultimately,
therapeutics for pathological conditions need to be tested in vivo, but prior testing in
vitro will significantly minimize the testing necessary in vivo.
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Cryopreservation and in vitro organoid culture of equine endometrium overcomes
several shortcomings associated with current in vitro culture models available in equids.
As mares experience seasonal reproductive cyclicity, in vivo research can only be
performed for about half of the year. Employing frozen-thawed tissue for in vitro culture
allows year-round reproductive research. Furthermore, explant and monolayer cell
cultures have two primary limitations: 1) failure of long-term maintenance and 2) not
physiologically representative, respectively. The organoid cell cultures described in this
dissertation have been developed utilizing frozen-thawed endometrial tissue, were
maintained in culture for 24 days, and responded to external hormonal stimuli.
This novel method of in vitro endometrial evaluation can be used for various
applications. The Colorado State University Equine Reproduction Laboratory website
contains an exhaustive list of topics in equine reproduction that warrant additional
research. Some of these high priority research areas include a) ‘develop diagnostics to
evaluate normal physiologic functions of an embryo and developing fetus’, b) ‘develop
efficient and effective contraceptives’, c) ‘conduct basic research on physiologic
mechanisms that control reproductive function in mares’, d) ‘develop new diagnostic
tests to evaluate normal physiologic functions in mares’, e) ‘develop novel products,
techniques or protocols to enhance reproductive success in mares or stallions’, f)
‘evaluate pathophysiologic mechanisms that lead to reproductive abnormalities in
mares’, g) ‘develop new diagnostic tests or protocols to detect reproductive
abnormalities in mares’, and h) ‘develop novel therapeutic products, techniques or
protocols to manage or treat reproductive abnormalities in mares’. Endometrial
organoids can be used for the evaluation of all the above high priority research areas.
Endometrial organoids could be used in conjunction with embryos to improve in vitro
culture conditions after intracytoplasmic sperm injection, the current method of artificial
reproductive technique used in equine reproduction in lieu of in vitro fertilization.
Contraceptives that affect the implantation of the embryo or maternal recognition of
pregnancy in mares could be evaluated using endometrial organoids. Normal
physiology of the endometrium and any pathological conditions that reduce reproductive
success, such as endometrosis or persistent breeding-induced endometritis, could be
modeled using organoid cultures. Organoids are also an ideal method for evaluating
novel therapeutics or drugs that act on the endometrium.
While this project is beneficial to domestic horse reproductive research, it is also
valuable for endangered equids. Handling endangered equids for reproductive research
can be challenging. First, specialized hydraulic restraint devices are required for the
safety of both the animal and the researchers. Then, the animals must be trained to use
the restraint devices. Finally, any procedures that last longer than a few minutes require
sedation to ensure safety of the animal. Furthermore, most nondomestic equids will
refuse to willingly enter the restraint device if it has been used too frequently, which
prevents transrectal reproductive ultrasounds multiple times daily as is often employed
by veterinarians and researchers of domestic equids. Thus, minimally invasive
technologies for evaluating normal reproductive physiology and pathologies of
nondomestic equids are vital. With the organoid cultures described here, two
endometrial biopsies were collected under sedation, and then the cells were grown in
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the lab so that the endometrium of the mares could be evaluated without additional
animal procedures. As gestation is 11 months in most equids, endangered equids in
breeding programs should be pregnant as often as possible. In vitro research allows
evaluation of the endangered mares without affecting species propagation. This
dissertation also opens the door to minimally invasive in vitro evaluation of reproduction
in other endangered species.
Overall, this dissertation reports that 10% or 20% dimethyl sulfoxide is an
appropriate cryoprotectant for equine endometrial explant cryopreservation, both for
domestic and nondomestic equids. Long-term, hormonally-responsive equine
endometrial organoids also can be developed from both fresh and frozen-thawed tissue
from domestic and endangered Przewalski’s mares. This novel method of culturing
endometrial cells in vitro can overcome many of the challenges associated with in vivo
reproductive research and current methods of in vitro cell cultures in mares.
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